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EXECUTI VE _SUMVARY

The principal objective of this project was to exam ne the
possibility of decreasing the high cost of weld repair in commercia
shipbuilding. The approach involved a conprehensive survey of the
international literature, as well as existing codes, consultation
of world famous experts and quality control data acquisition from
four major US. shipbuilds. The fracture nechanics analysis case
history of the Alaskan oil pipeline was also reviewed. |t was
recogni zed that while a pipeline is not conpletely anal ogous to a
| arge surface vessel, the nerits of the relevant fracture nechanics
principle were, however, convincingly established in a giant indus-
trial project for the first tinme.

The fitness-for-purpose philosophy represents an inportant
advancement over present wel d acceptance standards, which in
general are much too conservative and workmanshi p-based. The
predom nant failure node in comrercial ships is reported to be
fatigue, caused mostly by poor design details and joint ms-
alignnment. The occurrence of brittle fracture is rare. |ts
consequence is, however, much nore serious than that of fatigue.

The critical size discontinuity for fatigue is considerably |arger

than for the brittle fracture node.



Vel d discontinuities as sole causes of in-service ship
failures rank | ow anong the nunerous causes reported. The five
maj or categories of discontinuities include:

1. Crack or crack-1ike

2 Geometric

3. Lack of fusion and |ack of penetration
4 Sl ag

b. Porosity

O these five discontinuities, the literature regards porosity
and slag as the least harnful type. Wld repair is not synonynmous
with inprovement. The attendant undesirable consequences of weld
repair may be the increased residual stress, the degradation of
mcrostructure, the lowering of fracture toughness, the intro-
duction of new discontinuities and the aggravation of previously
undetected discontinuity.

In contrast to the above, a statistical analysis of the data
received from Anerican shipyards showed that slag inclusions and

porosity constituted the bulk of the weld repair activity. The
repair and rework costs were estimated to have ranged from $0. 6
milion to well in excess of $1.0 nillion per ship.

The “Quality Bands" format of new wel d acceptance standards
for slag and porosity seems to be quite popular in the world liter-
ature, and it is estimted that such an approach has the potentia
of saving 50-100% of the weld repair cost experienced now. It should
al so be noted that as nondestructive testing, evaluation and inspection
t echni ques continue to inprove, the tendency may be to require even

more unnecessary and costly (dollars_and productivity) rework.
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It is hoped that the rationale contained in this report wll
provide the basis for near-terminitiatives to reduce unnecessary
ship weld repair costs. The extent to which existing standards
for slag and porosity mght be relaxed along the lines of “Quality
Bands” should be determined by a special Task Force, a body conposed
of experts representing classification societies, shipyards, owner/
operators, design offices, academ a, U S. Coast CGuard and Navy.

In response to industry recomrendations resulting froma
prelimnary review of this report, an additional effort was under-
taken to assess the significance of weld discontinuities in nava
surface ships constructed from mld steel. The results of that
investigation will be published as a separate docunent as Part Il
to this “Weld Defect Tolerance Study” report.

Sun Shi pbuilding would like to thank M. John Mason, MarAd
Program Manager, Bath Iron Works, and the menbers of SNAME Panel
SP-6, Standards and Specifications, for awarding this subcontract
and providing guidance as well as valuable information. Appreciation
is also extended to the U S. Maritime Administration for sponsoring

Task S-22 under the Shipbuilding Standards Program
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| NTRODUCTI ON

The intent of the present programwas to conduct a state of
the art reviewin the field of weld defect tol erance for conmer-
cial shipbuilding applications. Specifically, this study was
directed at examning the possibilities of decreasing the high
cost of weld repair and outlining future trends and options for
new wel d discontinuity standards founded upon nore rational
engi neering principles than the present codes. Al along, it
has been recogni zed that such new standards would take a consid-
erable period of time to both develop and gain industry acceptance.
To this end, a project of this type should serve to act as a
catal yst or a means of initiating and ultimately obtaining the
consensus of the shipbuilding industry using the Arerican Society
for Testing & Materials as a forum It is hoped that the findings
of this programw |l set in notion the elenents necessary to
bring about these stated objectives.

Corporate Science and Technol ogy of Sun Ship was awarded in
August, 1978, a subcontract on “Weld Defect Tol erance Study” by
Bath Iron Wirks as part of the Shipbuilding Standards Program

The wel d defect tolerance study presupposes that introduction
of discontinuities into welds is unavoidable, regardless of type

of process used or degree of care exercised. Fortunately, not

al| defects are harnful. Thus, not all defects require repair.

In fact, repairing an innocuous discontinuity would entail an
unnecessary cost added to the manufacture of a weldment (in our

case, a ship).



The real neaning and purpose of weld defect tolerance study

Is not the lowering of product quality, but rather the outlining

of the conditions for avoiding unnecessary weld repair costs and
wel dment degradation in general. It is a philosophy based upon
a “fitness-for-purpose” criterion

The inpetus for this program were advances in the field of
fracture nechanics. Fracture nechanics is a relatively new
engineering discipline which is basically an analytical technique
to assess the effects of discontinuities on the mechanical behav-
ior of structural conmponents. Wth this analytical tool, the
effect of weld discontinuities could be determned with a much
hi gher degree of certainty then earlier enpirical “rule of thunb”
type approaches. Recently, with the use of fracture mechanics
new defect acceptance codes have been proposed. In addition
fracture mechanics has nade it possible to analyze the effect
of defects in certain welded structures such as the Al aska pipe-
line (See Section Il.1).

Initially, it was thought that there could be significant
benefit in using the fracture nechanics analytical approach on
a case by case basis to assess the effect of defects on ship-
building hull welds. This type of approach is simlar to the
post wel ding anal yses performed on the Al yeska pipeline. However,
this study will show that this case by case analysis does not
appear to have promse as a potential cost savings tool for
commerci al shipbuilding. The significance of weld discontinuity

takes on different design and inspection neanings depending on



failure nodes observed historically in a given welded structure.

In this context the three principal failure nodes are brittle
fracture, fatigue, and elastic-plastic (or mxed node). |t has
been estimted that 70-90% of all industrial failures including
ships involved fatigue (I-3). The design philosophy for the
prevention of fatigue failure lies in careful details design (4).
Wi | st the objective should be to avoid failure by any of these
modes, the consequences of fatigue failure are |ess disastrous
than those of brittle or elastic-plastic fracture. For fatigue
failure nodes, larger size discontinuities can be tolerated and
catastrophic failure nodes would largely be elimnated, particularly
when the ship is operated above the ductile-to-brittle transition
tenperature. Fatigue failure node gives warning tine. For
brittle fracture conditions, the design philosophy is the nost
rigorous, since the critical discontinuity size is very much
smal [ er than for general yield cases. The normal philosophy with
brittle fracture is to ensure that this nmode of failure cannot
occur by selecting materials which are ductile under the design
operating conditions. For brittle materials the critical dis-
continuity size is very nuch smaller than for materials that would
fail by general yield. Naturally, the design philosophy required
if brittle materials are used is considerably |ess appealing from
a Practical as well as a cost standpoint. The use of such
materials in welded structures such as ship’s hulls is particularly
to be avoi ded because such structures are inevitably stressed

into the yield range as a result of l|ocked in stresses (residual

stress) due to weld shrinkage and because of structural discontinuities.



Creep-Rupture failure node is not relevant to ship failures
because it occurs at elevated tenperatures.

The fracture mechanics approach to fatigue assessment makes
the tacit assunption that discontinuities are present in welds.
Crack initiation is therefore inconsequential, but crack propa-
gation is the overriding consideration

One of the difficulties that was encountered in this study
was that ordinary strength structural steels are used for
comrercial ship hulls. In terns of chenical conposition these
steels are referred to as carbon-manganese steels. These steels
are obtainable in different grades as a result of different
steel making processes and/or chemstry. The net result of these
differences is a rather broad scatter in the fracture toughness
or fracture resistance of these steels. This nakes it sonewhat
difficult to nake definitive statements at the present tine
regarding the acceptability of specific defects w thout specific
fracture information on a given wel dment.

The approach taken for studying the real meaning of fracture
mechanics principles in assessing the bona fide role of discon-
tinuities in commercial ship hull welds was the follow ng:

A critical survey of the available world literature with a
specific view toward useful ness in shipbuilding was conducted.
World renowned experts from universities, research institutions,
and industry relative to the scope of this study were consulted.
Al aspects of pertinent fracture mechanics principles based on
known failure nodes that have occurred in comercial ship hulls

were reviewed. Nondestructive test methodol ogies, shipbuilding



codes, current understanding of weld repair, and shipbuilding
quality control data as exist today were exam ned. The nost
pre-em nent case history of fracture nmechanics principles applied
to the world's largest, sjngle pipeline project was analyzed.
A synthesis of all this information was nade and translated into
a benefit to the U S. conmercial shipbuilding industry.

Finally, formats for new wel d acceptance standards are
proposed and directions for inproving the overall shipbuilding

quality with a mninmm of expenses involved are suggest ed.



1. DI SCUSSI ON

II.A World Literature Survey
The significance of weld discontintities is assessed on the

basis of their effect on the life and integrity of a welded

structure.  The spectrum of weld discontinuity influence can

range fromharnmful to innocuous.  cypsequently, weld discontintities
are ranked in accord-cc with the nature of their influence upon

the behavior of the structure which is a function of:
1.  Geonetric shape of the discontinuity,
2. Acuity of the extremties of the discontinuity,
3. Location of the discontinuity in the weld as well
as ship location of the weld,

4. Amount and distribution of the discontinuity in

the weld,
Species of the operating stresses and their nmagnitude,

Environnental conditions (corrosion, tenperature),

Wl di ng processes,
Design conditions and presence of structural

di scontinuities,
9. Material thickness,
10. Rate of |oading,
11. Size of wel dnent,
12.  Transients during ship operations,
13.  Mcrostructure in general,

14, Material chenistry.



Defect-related factors affecting the significance of weld
discontinuities are type, size, shape, quantity, distribution
orientation and location. To determ ne the significance of a
discontinuity in a weld by neans of fracture nechanics principles
requires quantification of principal stresses, environnenta
paraneters (corrosivity, tenperature), design conditions (stress
concentration), manufacturing conditions (joint msalignnent),
defect dinensioning (depth, length) and fracture toughness
determ nation

In decreasing order of harnfulness, the literature has
recogni zed the following weld discontinuities:

1. Crack or crack-like discontinuity,

2 CGeonetric discontinuity,

3. Lack of fusion (LOF) and lack of penetration (LOP),

4. Slag inclusion

5. Porosity

There are two other ways of categorizing weld defects, nanely:

1.1 Planar

1.2 Nonpl anar
and

2.1 Surface

2.2 Buried

2.3 Through thickness

Let us now turn to the discussion of the five principa

categories of weld discontinuities.



L. Cracks or Crack-like Discontinuities
Cracks are regarded as the nost detrimental defects ow ng

to their sharp extremties. The acuity of the extremties of
cracks or crack-like discontinuities gives rise to very short
fatigue crack initiation time; hence, crack propagation is

| nportant.

Surface cracks are nmost harnful and are also subject to
environmental effects, which anplifies the adverse influence
of cracks, particularly in |ow toughness materials. Al t hough
not without a total unabiguity, nmost experts in the field of
fracture nmechanics agree that cracks ought not to be tolerated
in products especially in their manufacture. |f  on the other
hand, a crack is detected in service of the welded product,
one can resort to the utilization of relevant fracture nechanics
principles by which to determne the |ife expectancy using the
| ower bound Ievel as Harrison suggests (5). conservatism |ies
in his approach, when suggesting |ower bound :gnditions.

2. Geonetric Discontinuities

These discontinuities are in general associated with ;e
weld profile, although misalignment, weld spatter, arc-strikes
and burn-through also fall in this category. |p spite of their
pronounced harnful influence on fatigue strength, welds are
produced with undesirable contours. | arge reinforcenent angles
and discontinuities at toes of fillet welds are particularly
deleterious. Qurney (6) reported that the critical size of a
geonetric discontinuity in fillet welds for a given leg length

decreased as the plate thickness increased.



If the crack propagation rate is slower in a given neta
than in another, the critical size of the weld discontinuity
can be increased. Geometric discontinuities are influential
in static behavior of welded structures to the extent that
they give rise to stress concentrations and change the | oad
bearing cross-sectional area.
3. Lack of Fusion and Lack of Penetration

Lack of fusion is when the weld metal has not fused (melted)

into the side wall of the joint. \en the weld metal has not
penetrated to the bottom of the weld joint, it is called lack
of penetration.

The treatment of LOF and LOP must be related to the ductile-
to-brittle transition tenmperature of the specific ship steel in
question since they behave differently when the steel is above
or when it is belowthe transition temperature (T7). Bg|ow the
TT, both LOF and LCP are potentially harnful.  They trjgger
brittle fracture. |f the steel is above the TT, they are slightly
worse than slag inclusions or porosity. This, then, suggests the
i mportance of defining the exact TT and the service conditions
of the ship.

The effect of LOF and LOP can be masked by weld netal over-
mat ching and reinforcement. The direction of the applied
alternating stress with respect to LOF and LOP is very inportant.
Wien the applied load is parallel to LOF and LOP the effect is
mniml, and the harnful influence is maxi mum when the direction

of stresses acting on these discontinuities is perpendicular.
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This alludes to possibilities in different QC requirenments for
shell butt welds from shell seam welds.

In high strength steels initiation time is mniml according
to Professor Lawence, et al. (7). This apparent difference
explains the greater sensitivity of high strength steels to weld
di scontinuities. If the ship steel is in the upper shelf region,
or above the crack-arrest-tenperature (CAT), an initiated crack
Is normally arrested once it |eaves the tensile residual stress
field and the degraded m crostructure region.

The significance of LOF and LOP in an alum num al | oy of
A-4.4% M welded by MG was investigated by Screm and Frattini
(8. They found that LOF and LOP were nuch nore serious defects
t han undercut, surface irregularity, macro- and mcroporosity.
The fatigue strength of this alumnumalloy in a 12 mm test
speci nen thickness was reduced 60% by the presence of LOF and/or
LCP.

LOF/LOP have blunted extremties, therefore, they have been
compared to slag inclusions by many researchers. How nmuch LOF/
LOP may be allowed depends upon their “aspect ratio”, |ocation, and
orientation with respect to the applied load. The literature
regards LOF/LOP nore deleterious than inclusions and certainly
more than porosity.

4, Slag I nclusion

Wi le there are several welding methods used in shipbuilding
today, still the nmost widely utilized ones are first the shiel ded
metal -arc and then the submerged-arc processes. Both methods

are potential sources of slag inclusions that may be entrapped
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in the weld. Miltiple pass welds are nore prone for non-netallic
i nclusions than single pass welded joints.

Fl uxes exert a pronounced influence upon the properties
and soundness of the resultant weld (9). Basic fluxes pronote
| ow oxygen and/or sul phur contents in the weld netal, thereby
mninmzing the formation of non-netallic inclusions. In a broader
sense, the type of subnmerged-arc flux used will influence the
quantity and species of foreign particles present in the weld
bead. O the several nanifestations of the influence of flux,
the discussion herein is confined to slag inclusions. These
non-metal lic inclusions represent an incoherent phase in the
surrounding matrix. In the context of fracture nechanics, these
foreign particles are less harnful than cracks or crack-1ike
di scontinuities due to configurational differences. The tensile
strength of the material is reduced in proportion to the projected
area of the slag. This effect is smaller on the yield strength
The tensile ductility is reduced significantly by the presence
of slags (1). Stress concentration induced by a foreign particle
Is less by virtue of not creating a void in the structure than
that caused by porosity irrespective of material containing
these defects (1, 10). The significance of slag inclusions is
treated in terms of their size, anount, distribution and |ocation
within the wel dnent.

Fatigue test results are listed in order of increasing
l ength of non-netallic inclusions and plotted on a log S versus
log N diagram where, S denotes the stress range and N signifies

the nunmber of cycles (endurance). The diagram usually contains
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five arbitrary Quality Bands: I, II, IIl, IV and V. (See

[Appendi x 111).
Furthernore, the “Quality Bands” are set up for 97.5% or

99. 5% confidence levels (11), also called probability of
survival (12).

Each band corresponds to a specific fatigue strength required
in a given structure in conformance with design criteria. For
a given size (length) slag particle as the stress range increases,
the nunber of cycles decreases. On the other hand, the shorter
the length of a non-metallic inclusion, the higher the endurance
limt for a specific stress range inposed on that wel dment.

The quality categories have been set up on the basis of
(a) “as-welded” and (b) “stress-relieved” structures (12).
Various proposals can be found in the international literature
with regard to the treatment of defect interaction criteria and
multiple slag inclusions. For exanple, the British Draft Standards
(12) takes the view that “where nultiple slag inclusions occur
on the sane cross section and the distance between the defects
Is less than 1.25 times the height of the larger defect, they
should be treated as a single planar defect with an overal
hei ght equal to the distance between the outer extremties”.
If the detected non-planar defect is smaller than that given in
tables set up for (a) as-welded and (b) stress-relieved structures
for the respective quality categories and survival probabilities,
the defect is acceptable (12).

In terns of influence on fatigue, slag inclusions are simlar

to porosity, which will be discussed next. Thus, anal ogous
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criteria can be applied to slag (13). The international litera-
ture agrees on extending a considerably greater tolerance for
slag inclusions and porosity than existing codes permt (9-11,
14-15). This literature survey indicates that “Quality Bands”
as an approach to discontinuity acceptance standards have a
broad support throughout the world. The specific |evels of

t hese bands may, however, be subject to certain engineering

critique.
5. Porosity

Porosity is regarded by a preponderance of the investigators
as the least harnful of all discontinuities. The influence of
porosity, however, is treated according to its location; i.e.
surface or internal pores. In earlier publications, the shape
of porosity was believed to natter. Between spherical porosity
and herringbone porosity the former was regarded as the |east
harnful of the two. Harrison (16) clains that herringbone
porosity is no nmore harnful than spherical porosity. He further
asserts that both types of porosity which occur in “normal
amounts in practice is acceptable for quality levels below “V'.
Boulton (10) nentions that surface porosity has a detrinmenta
effect on fatigue strength, particularly when the weld reinforce-
ment is removed. To inprove fatigue |life of weldnments containing
surface porosity, the weld toe should be dressed to mnimze
stress concentration. |t has been observed that a fatigue failure
instead of originating at buried slag inclusions does so at
surface porosity. Pores in the surface are relatively nore

detrinmental than internal pores of the sane size and anount
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over a given weld length. Fatigue strength is nost susceptible
to the presence of stress risers, therefore, superficial
porosity gives rise to a reduction in fatigue strength. The
i nfluence of porosity can be minimzed by weld reinforcement
and overmatching. \Wen the strength of the weld nmetal is
consi derably higher than that of the substrate, it is referred
to as overmatching. (One has to distinguish between porosity in
butt welds and porosity in fillet welds. The reason being, butt
wel ds are relatively nore critical in terns of application than
fillet welds. The surface tension and viscosity of both the
liquid weld netal and the nolten flux are inportant in controlling
the propensity of the pore to rise to and escape from the surface.
In scattered form porosity in amunts of up to 5-7%is
considered by the international literature as having no influence
on yield strength, ultimate strength, reduction in cross-sectional
area and slow bend ductility. Therefore, when static properties
are the controlling parameters in wel dnent behavior, code restric-
tions can be relaxed by a factor of 2-4 even for critical applica-
tions (I).
Wth preference to high cycle fatigue, the porosity is the
| east harnful so long as the reinforcement of the weld is not
removed (17-19). When the reinforcement is renoved, porosity nay
be a nucleation site for fatigue crack extension at |ow |levels
of porosity (17-18). Initially, the rate of decrease in fatigue
strength is appreciable (up to 509, but after reaching about

5% in porosity the fatigue strength reduction rate decreases (17-19).
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To influence the fatigue strength of fillet welds, porosity
Is to be Located in the root and be present in |arge amounts.
Harrison (20) did a conprehensive analysis of all the available
information in the literature about the relationship between
porosity and fatigue stress of steel butt welds. He plotted the
data on a log S - log N graph and established five quality
categories for 0, 3, 8 20 and 20 + % porosity levels (See

[ Appendi x T11).
After correlating |large-scale, small-scale test results and

results obtained by an enpirical relationship, Harrison drew the
conclusion that the quality levels so established were realistic.
Lowcycle fatigue (LCF) inplies nunber of cycles less than 10°
and stress levels very frequently in excess of the yield strength
as well as an appreciable strain at and around the tip of a grow
ing crack. The microstructure and the yield strength in |ow
cycle fatigue failure nmode are generally regarded inportant.
Furthernmore, the test nethodology is essential in LCF.  Reportedly,
the effect of 10% slag was drastic in strain-controlled tests,
while the sanme quantity of slag inclusions examned in |oad-
controlled tests was zero (13, 21). An anal ogous full assessnent
on porosity is not yet apparent in world publications. [oad-
controlled tests were done on porosity indicating zero effect
for 5% porosity on LCF

To predict the wave environnent for the worldw de m ssion
of a ship is undoubtedly difficult. However, an estimate of the

cyclic loading of a surface vessel nay be made by defining from
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an oceanographer’s book for the route concerning the representa-
tive sea-states over the years. This can be done by using RMS
val ues of wave anplitudes or heights. The configuration of the
wave-spectrum notably the peaks, defines the resultant stress
spectrum  There has been sone debate whether or not the wave-

I nduced stresses should be treated as purely random The

| oading for marine structures is of neither constant anplitude
nor constant nean stress. Early in the life of the ship storny
weat her may occur inducing |levels of stress conposed of cyclic,
vi bratory, mean stresses exceeding the yield strength of the
material giving rise to localized yielding at the so-called

“hot spots” (stress concentration sites) (22).

6. Envi ronnental Effects

Ships operate in a corrosive environment. The anbient
tenperature during the worldw de mssion of a ship varies.
The understanding of corrosion is necessary. |n corrosion
fatigue, it is inmportant to know the actual |evel of stress since
at very high stresses the crack tip propagates so rapidly that
the corrosive mediumhas no tinme to react wwth the fresh crack
surface to enhance crack growth. This is because corrosion
fatigue is reaction rate limted. “Mechani sm of corrosion fatigue
I's nost widely accepted to be related to hydrogen enbrittlement”
(23). Hydrogen atons are released at the fatigue crack tip by
an electrochemcal reaction. The hydrogen atons are absorbed
by the new netal surface, created by the actions of cyclic
| oading. The continuation of these phenonena results in an

at mospheric pressure of hydrogen nol ecules (gas) in the crack
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tip inducing hydrogen enbrittlement which will increase the crack
extension rate. Factors which increase the rate of crack propa-
gation of corrosion-assisted fatigue are:
1. Frequency of cyclic |oading.
For a given stress range, the lower the frequency,
the fewer number of cycles required to failure.
Cor r osi on.
Di ssol ved oxygen content of sea water.
Anbi ent tenperature.
Stress range.

pH of the solution (sea water).

A T

Stress tinme wave form
1. Fatigue

One explanation for such an extensive discussion of fatigue
is that, reportedly, the cyclic failure node is domnant in
comercial ships, although the consequences of brittle fracture
are usually nore serious - at tines, catastrophic. Thus, in
terms of nature of the consequences of brittle fracture versus
fatigue failure, brittle fracture is normally ranked first.
Brittle fracture is indicative of through-thickness sudden failure
whi ch can transcend the full length of the weldnment (24). A
survey conducted in Japan between 1950-1969 indicated. that 75%
of the “cracks” found in decks and shell plates initiated at
toes and roots of fillet welds were caused by structura
discontinuities. The failure mde was |owcycle fatigue (3).
Qher areas of failure were the after structures; those support-
ing the rudder and the propeller shafts brought on by vibration

resulting in high cycle-low stress fatigue.
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The solution for fatigue treatment dates back to Pal mgren
in 1924.  Since then, so many hypotheses for fatigue failure
modes have surfaced in the world literature that it is rather
difficult to keep track of them A few of the nost proninent
but sinple expressions include Mner’s Rule, Foreman’s Equation
and Paris’ Fornula (25).

The worldwi de literature survey revealed that structura
design details and joint msalignnent were the predom nant
causes of ship failures and not weld defects (22, 26). The
survey has al so shown that fatigue is the predom nant failure
mode in conmercial ships arising froma nultiplicity of causes
(26-27). Weld defects as an exclusive cause of fatigue rank
very |low anong the various causes. The ratio of all known
causes combined to weld defects is 6:1. This inplies that the
econom ¢ significance of reducing fatigue failure in comercial
ships lies in inproving structural design details, in mnimzing
msalignnent. A recent survey conducted in the U S. shipbuilding
industry has illustrated that nost fatigue failures of ships occur
between the second and fourth year in service. Thereafter,
frequency of fatigue occurrence decreases (2).

From a fracture mechanics point of view, characterization
of fatigue means:

a. Safety fromcatastrophic failure.

b. Larger defect size perm ssible.

c. UWilization of cyclic stress range.

d. Defect dinensioning, location and interaction effects.
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e. Determnation of crack propagation rate.

f. Limt to crack propagation

g. Selection of confidence Ievel.

Quality categorization.

i.  Consideration for environnent.

The fatigue crack propagation rate analysis should take into
account the environnental effects. Oning to the statistical
nature of fatigue failure analysis, notably of the sinplified
version, a safety factor usually taken to be 4 is used. The
purpose of evoking safety factors is to take care of the inherent
difficulties in determning the exact nmagnitude of the principa
stresses, the conplications in defining anbient conditions and
the fabrication disparities, as well as manufacturing deviations
from design details.

| nprovenents in fatigue life of welded structures invariably
entails methodol ogies that either reduce stress concentrations,
tensile residual stresses or introduce conpressive stresses.
Anmongst such methods one can enlist the follow ng:

- post weld heat treatnent (stress relief)
- spot heating
prior overloading
- local pressing
- weld profile controlling
- TIG or plasma dressing
- peening
- grinding

quenchi ng
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- plastic coating

- cold working to induce surface hardening (viz.,

- conpressive stresses)

- application of ductile materials with a | ower

- modulus of elasticity in preselected |ocations of
- a welded structure

- optimzing the method of oxyacetylene cutting

IIW, Commission XIII (on Fatigue Testing) considers the effect
of residual stress significant on fatigue. The stress range is
the only factor requiring consideration. The mean stress and the
R ratio (R = %ﬂiﬁ] have negligible effects. The Commisssion ad-
vocates large scale testing in the interest of generating useful
design data (fatigue curves). 'The principal concern in the results
of fatigue tests has to do with statistical confidence. To this
end, Commission XV (on Fundamentals of Design and Fabrication for
Welding) encourages the continuation of exchanging welding
practice data.
8. Process and Material Variables

The welding process is another important element in the
significance of weld discontinuities in that different processes
yield different levels of residual stress, which, in turn, in-
fluence the significance of weld defects. If the residual stress
due to process used and constraint involved is high, a harmless
defect can become detrimental to the structure by virtue of
excessive residual stress. Existing rules do not maﬁe an allowance
for this, while fracture mechanics does by way of residual stress:

inclusion into the stress analysis.
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The nunber of the investigators in the world who have
studied the fracture toughness of the heat affected zone (HAZ)
I n carbon-nmanganese and alloy steels as well as other metallic
materials is stiply too numerous to mention by name. Wt hout
intending to display a disrespect to earlier publications, we
enlisted in our reference only sone of the nore recently pub-
|ished papers (28-36). Metallurgically, the HAZ has a conpl ex
character for many reasons. W do not intend to go into a
detailed elucidation of them rather to highlight the nmain facets
of the many conpeting reactions that can take place. |p general
the fracture toughness of steels is a function of the stee
maki ng process, the welding process used, chemstries, thick-
nesses, restraint, strain aging, and configurations involved.
Furthernore, the resultant toughness of the HAZ will depend on
grain structure, amount, shape, type and location of the various
constituents that may be present in the microstructure, the residua
stresses, carbon content and carbon equivalent. The rel evance of
cooling rates, phase transformations, austenite - ferrite (v - a)
transition tenperature characteristics, hardenability, mcro-
segregation, ferrite norphology, role of specific alloying addi-
tions, welding heat input level, nunber of weld passes, dilution
of weld metal, post-weld heat treatnent of a particular chemstry
of steel under consideration nmust be recognized. As the pl ate
t hi ckness and the carbon equivalent (CE) increase, the probability
for cold cracking (hydrogen enbrittlement) increases. (ne approach

normal Iy used in mnimzing cold cracking is the raising of the
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preheat tenperature. The search still goes on for enhancing our
understanding of the interaction effects of these many phenomena.
From a yielding fracture mechanics point of view, a nunber
of points shoul d be remenbered when using C- M steels. The
transition tenperature is influenced by specinmen thickness in
the wake of altering the mcronode of crack propagation (37).
The transition from cleavage fracture to ductile failure mcrovoid-
coal escence is brought about by means of a reduction in either
the crack length, the crack depth, or the |igament thickness.
The KiJ val ues (equivalent Kiccomputed fromJic) estinated
from Jicval ues measured in 10 nmthick test specimens are not
of necessity equivalent to Kicdetermned in 100 mm thick test
samples. The discrepancy is a result of inequality in stress
triaxialities between small and |arge specinmens and the variance
in the mcronode of fracture initiation. Mich of the K cval ues
in earlier publications were derived fromthe utilization of
smal | specimens; non-representative of the actual material thick-
ness.
Engi neering critical assessment of weld defects is done
for the purpose of defining acceptable, harmess discontinuities
present in a structure without a sacrifice in product reliability
and survivability. The econom c harnony between quality control
and “fitness-for-purpose” philosophy has received considerable
attention in the literature. Sone authors have stated that “it

becones necessary in the present clinmate of econom c stringency
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to examne the possibilities of effecting savings in cost by
the acceptance of deliberate reductions in quality standards”
(38). If this were true, the fitness-for-purpose philosophy
shoul d deserve an automatic rejection. Defect tolerance study
must not be construed by anyone to nmean "deliberate reductions
in quality standards”. Rather, we nust enphasize that this new
phi | osophy signifies inprovenent in both quality and process
t hrough better understanding of the interrelationship between
process used and concomtant quality.

The degree of departure from the ideal *“as-designed” joint
by any design criteria is based on some inplicit considerations
for:

1. Presence of weld defects, and

2. Msalignnent of joints

Basar, et al (2) studied the present-day hull construction
and inspection procedures to determne the factors leading to
and the extent of structural deviations from the ideal, theoretica
design in U S shipyards. They also investigated the “welding
flaws” causing a departure fromideality. Deviations were divided
I nto:

a)  “normal deviations experienced”

b)  “maxi nm devi ations expected”

Their approach was anal ogous to the Japanese nethodol ogy that
had led to “Japanese Shipbuilding Quality Standards--Hull Part”.
The Japanese have devel oped standard tol erances (or standard range)

and allowable limts (or tolerance limts) by taking actua
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measur enent s of structural deviations in a number of Japanese

shi pyards devel oping histograns for measured deviations and
from this established:

a) Standard range
b) Tolerance |limts for each structural deviation

consi der ed
As for deviations in welds (or weld geonetry) they | ooked

for:

1. Bead shape including size, undercut, reinforcenment.
2. Angular distortion of welding joint.

3. Short bead.

4. Arc strike.

5. Welding done at | ow anbi ent tenperatures.

6. Weld spatter.

The allowable limts refer to a range beyond the standard
tolerances. The allowable limts nmean that the product is stil
acceptabl e without making nodifications to it in the post-process
operations (39).

The Japanese quality control standards and practices have
been accepted by both the owner/operators and the classification
societies. A simlar approach was taken and a system devel oped
by Det Norske Veritas (40).

One shipyard radiographed three ships (oil tankers) 100%
in order to determne the percentage of weld defects (2). |t yas
found that 15-30% of the welds x-rayed had “sone defects".

Unfortunately, the report does not identify the type, size and
| ocation of weld defects to make a fracture nechanics assessnent.
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In further reference to fatigue failure, the report states that
". + . Cracks or structural failures have been reported as sea-
way damage or as design problems for which reinforcing was the
remedy, when in fact the problem mght have been m salignnent
or faulty welding”. During shipbuilding, repair activities were
quite varied in conpleteness and depth anong shipyards surveyed.
Sone of the observations noted in the report (2) concerning
wel ding are worthy of mention. Fairing by heating in mdships
and other plating which nmay be subject to high stresses has to
be approved by the surveyor. Exam nation of weld quality by
“radi ographic or ultrasonic inspection or both is to be used
when the overall soundness of the weld cross-section is to be
eval uated. Magnetic particle or dye penetrant inspection or
both is to be used when investigating the outer surface of welds
or may be used to check back chipped, ground or gouged joints
prior to depositing subsequent passes”. The |ocations and
extent of X-ray or UT inspections are indicated in the NDT
rules of the American Bureau of Shipping. Specific locations
are generally subject to the approval of the attending surveyor
Very few ships that were reportedly inspected in accordance
with previous or current structural and weld tolerance standards
have failed in service. Four exanples of ship failures were
studied and found that msalignnment, design details and weld
defects caused fatigue cracking. There is no data on “in-service”

deviations reported by ship owners, only “recollections”. These
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recollections appear to indicate that in a nunber of vessels,
structural deficiencies have devel oped in service, which could
be traced back to initial structural deviations (2). Mst yards
rely on experience and know how of their own production super-
visors as well as that of regulatory body inspectors and owner/
operator representatives. The dominant factors in assessing
most structural deviations appear to be such abstract opinions
as “good marine procedure”, or “pleasing to the eye”. Standards
are used as "guides”, which are put to a rigorous testing only
inlitigation cases (2).

From these observations-it should be evident that fornulation
of new standards based on an engineering rationale and a fresh
re-examnation of the systemare overdue. Codes and Standards
ought not to be regarded as a piece of docunment reflecting some
sort of a status quo, for processes of nmanufacture do change.
Materials inprove and their understanding is gradually enhanced.
Some standards have been nodified to include current understanding
of the significance of certain discontinuities, but mostly on

a provisional basis (7).
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II.B. Critical Coservations on Wrld Literature Survey

The subject of weld defect tolerance has received an enornous
amount of attention all over the world. Equally apparent from
this survey are the follow ng salient observations.

1. There is too nuch duplication in the internationa

literature on the subject.

2. The fragnentation of efforts are, for the nost part,

a direct result of insufficient coordination across
inter- and intranational boundaries.

3. A systematic research on the influence on wel dnent

behavi or of each and every specific weld defect is

of relatively recent origin (41). A large portion

of the world literature is taken up in treating the
relevant fracture mechanics theories and shoring up
data to prove the superiority of one theory over

anot her or discussing their conparisons. The tinme has
come to go on beyond this debate.

4. Wiile there is a lot of information and data

avail able in a vast number of internationa
publ i cations enconpassing a host of diverse
industries, materials, methodol ogies, processes,
specifications and service conditions correlation
s extremely cumbersone. The concl usions drawn
from specific studies by rigorous definitions

are non-identical. This wealth of information nust
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be synthesized. The British Welding Institute, by
having recently instituted its conputer-based

“\Wel dasearch” system brought this probleminto a
sharp focus (43). “Fatigue Data Bank” for al um num
al oy wel dments was recently established at |owa
State University (42). The inportance of data
conpi l ation has been recognized in many industries
all over the globe. Qur own Marad-sponsored

project - anobng others - attenpted to do a synthesis
for the U S shipbuilding industry.

Standardi zation of nethodol ogies on an internationa
scale is in order, including both the testing
technique and the acconpanying instrumentation

The exchange of data and information among the
countries should be encouraged in a nore closely
coordi nated manner and in accord with a well though-
out schene than had hitherto been done. A Summit
Commttee mght be conm ssioned for working out

the details of such a nmaster plan to bring about an
early consummation of changes needed in standards.
Modi fications of weld acceptance standards should be
made according to the needs and requisites of a
specific industry. New standards need to recognize
the international state of the art of know edge in
wel ding, materials science, fracture nechanics,
design. Due considerations should be given to al

rel evant aspects of weld acceptance standards

t hrough engineering critical assessnents.
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Sone classification societies and owner/operator

I nspectors in the world seemed to have been
influenced by a “wait and see what others will do
first” attitude. ABS is exploring the possibility
of devel opi ng guidelines or acceptance standards
for locations other than those required and
specified in the rules of NDT.

Though with neasured precautions, we nust proceed
to take advantage of the fitness-for-purpose

phi | osophy to inprove upon existing weld acceptance

st andar ds.
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11. C  Fracture Mechanics

The fracture behavior of a given metallic material from
which a structure is fabricated will be a function of naterial
properties, presence of discontinuities, |level of stress acting
at the tip of a crack-like discontinuity and the nechani sn(s)
of crack extension (44).

A general but sinple definition of fracture nmechanics would
be to state that it is a tool to assess the tolerable size of a
given discontinuity present in the material or a structure of
concern.

The useful attributes of fracture nechanics principles for
assessing the significance of weld discontinuities in analyzing
metallic material failures is cited abundantly in the scientific
literature of the world (1, 4-6, 10-14, 16, 20, 24, 28-29, 37,
44-81). The control, or preferably the elimnation, of critica
size discontinuities is, of course, not a new concept. \pat is
novel , however, is the elegant nethodol ogies for calculating the
critical size of cracks by means of nodern fracture mechanics
principles.

In general, the follow ng failure nodes are recogni zed:

- brittle fracture

- fatigue

- general yield due to overload of the |igament

- |l eakage in pressure vessels

- corrosion, erosion-corrosion, stress corrosion
fatigue

- instability (buckling)

- creep (rupture)
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Many hypot heses for treating the various fornms of failure
have been devel oped by the world scientific fraternity, of
which linear elastic, elastic-plastic, fatigue and plastic
instability have received nmpst attention. Fracture mechanics
treatment of fatigue is by far nore enpirical in nature than
either linear elastic or elastic-plastic.

In barest essentials, fracture nmechanics entails an under-
standing of the ductility of materials, or the behavior of a
given material in which a defect lies and is under stress.

Therefore, fracture mechanics inplicitly involves a thorough

anal ysis of:
a. stress
b. Defect
c. Mterial

d.  Environment

a. Stress analysis consists of neasuring and cal cul ating
all stresses that operate and act at the tip of the
defect in question; that is, primary stress across
the section thickness, bending stress, secondary
stress (thermal and residual) and peak stress (which
occurs at stress concentration sites).

b. Nondestructive testing (NDT) of the weldment, including
parent naterial, heat-affected zone and the weld
constitutes defect analysis. Defect dinmensioning and
detection are critically dependent upon NDT. Therefore,
the level of confidence in defect analysis is directly
related to the NDT selected and the extent of inspection

conduct ed.
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c. Mterial analysis involves destrictive testing
of the parent material in order to determne its
fracture toughness. Fracture toughness is a measure
of the material’s resistance to crack propagation.

d. In defining the rate of fatigue crack propagation,
an analysis of environnental paraneters nust also
be taken into account. The extent to which environnental
paraneters influence fatigue crack propagation is
reaction rate-limted.

The fracture nmode determ nes which fracture nechanics
principle is to be applied. The fracture node can be judged from
the operating stresses (level, type), weldnent geonetry, environ-
nment and material properties. Fracture mechanics principles
have been devel oped for the ensuing failure nodes:

o brittle fracture

.elastic-plastic failure (general yiel d)

« fatigue failure

Fracture mechanics principles are regarded by nost experts
as reliable in predicting if and when a given weld defect is
harnful or innocuous. It is not the intention of this study
to give these principles a full treatment herein, rather to
present their brief outlines and salient aspects for the sake
of relevancy to the underlying theme of the project. The reader
who wi shes to take a closer |ook at fracture mechanics theories
may consult the various references to this report or any one of

the copious publications available on the subject.
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Brittle fracture is handled by Linear Elastic Fracture
Mechanics (LEFM, giving rise to Kic = critical stress intensity
factor. LEFM is used for stress levels below the intrinsic
uniaxial yield stress (0. 2% offset) of the material in which
the weld discontinuity of interest lays. The stresses nmust be
considered in the vicinity of the crack tip. According to the
British Draft Standards (12), if, due to a given discontinuity
and principal stresses acting upon it, the stress intensity
factor Kis equal or less than 0. 7 x Kic, the defect nmay be
regarded as acceptable. LEFMis also used bel ow the ductile-
to-brittle transition tenperature where plane strain conditions
dom nat e.

The known el astic-plastic fracture mechanics anal yses include
the Crack Tip Opening Displacement, COD, (§g), J-integral, (Jic),
plastic-instability (lrwn's theory) and a sem-enpirical method-
ol ogy developed by Kiefner. The original basic concepts have
undergone a great deal of inprovenents and refinenents since
their respective first appearance in the world literature.

The nost w dely used elastic-plastic theories include COD
and the J-integral nethods. The latter (Jic) is used in the
USA, whereas the former ($s) is preferred in the UK. Both prin-
ciples = J1¢ and 8¢ - can be applied to the ductile-to-brittle
transition region (elastic-plastic zone). Both &, and Jio are
an index or a neasure of fracture toughness of a given materia
of interest exposed to elastic-plastic conditions (regines),

i.e., non-linear and el astic behavi or.
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The National Bureau of Standards (60) gives Jicthe follow

ing definition: the rate of change of potential energy with
respect to crack area and is proportional to the energy required
toinitiate fracture in a flawed speci nen subjected to nonoton-
ically increasing loads. The test results in a J-integral curve.
The Landes-Begley J-test involves (for ferritic steels and their
wel dments) the |oading of a specinen to a predeterm ned displace-
ment (crack growth) such that a subcritical crack extension
transpires. The specinen is unloaded and subsequently heat

treated to tint (oxidize) the crack growh. thereafter. the
specinen is fractured into halves intentionally so as to neasure

at 3 points equidistant across the specinmen thickness, the obtained
crack extension. fThe average crack extension is denoted by aa.
The test is repeated at different test tenperatures. por each

test, J is conputed by the follow ng expression,

_ 24
J =5

wher e,

area under the | oad-displacement cyrye

speci nen t hi ckness

l ength of untracked ligament in test specinmen = Wa

S © @ >
I

test specimen wdth

a = crack depth in test specinen

From t he know edge of the actual defect size (idealized as

depth x length) and the principal (applied) stresses acting at

the tip of the defect, an "effective" defect parameter a is
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determned. -If 2 < 3, (the "tolerable" or "allowable" defect
paraneter, which is always to be less than ac, the critical size
of defect to cause failure), the discontinuity may be regarded
as acceptable. Reasonable nmethods have been devel oped to dea
with the aspects of defect interaction, |ocations, planar versus
nonpl anar defects. Interaction of weld discontinuities is said
to raise the stress intensity factor - K - by 20% (12).

“Much of the experimental work on J has concentrated on
evaluating Kic front small specinmens” (37).

Under plane strain conditions the equival ence between K

and J may be expressed as:
Kic = (J;ch'll);E

To neasure a valid Kicthe test specinen should have the
foll owi ng dinensions:
The proposed requirenents for test specinen size for valid

critical J values are:
b, (Wa), a > ¥ 31/

wher e
flow stress = (oy + oy)/2
25 to 50 (Note: 25 used nost often)

ql
1

<
1

oy =yield strength
oy = Ultimate strength

material thickness

= w
Inn

speci nen w dth



crack length

o)
i

El = Young's nodulus, E for plane stress and E/ (1-V9)

for plane strain
The anal ogy between J and § is given by the expression

J = mUYG
wher e
m = plastic constraint factor ranging from 1-2.

Briefly, the basis of fracture mechanics principles applicable

to fatigue is the well-known Paris equation,
da _ m
N C(AKR)

By taking small increnents of fatigue crack growth, starting
with an incipient de feet and letting it propagate to an arbitrarily
chosen “index of life", also called linit to crack propagation

whi ch by convention is taken to be N,,= 10°cycles - the rate
of fatigue crack growh can be determned. The smaller the
increnent, the nore accurate the calculation. A sinplified
version of fatigue treatment is based on quality categorization
the so-called “Quality Bands” which are worked out for 97.5 and
99.5% confidence levels. It is an enpirical approach founded
on a large nunber of tests.

Because fatigue is the predom nant failure mde in ships,

the fracture mechanics principles which deal with fatigue are
of forenost interest. Quite happily, this neans that |arger-
size defects - especially of the nonplanar type - may be tol erated.

The reason being, when extension of a given discontinuity commences,
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fatigue growth takes place slowy and is usually arrested when
It moves out of the stress field. Since in welded structures
discontinuities are present and ought to be viewed as cracks,
the design for fatigue related applications consists of calcu-
| ations for crack propagation (22). . LEFM has a limted use-
fulness in comrercial ships since brittle fracture seldom occurs
(80). However, due to the catastrophic nature of brittle
fracture, it should not be totally ignored.

In welded structures, |ocal yielding can originate either
from wel ding residual stresses which may reach yield stress
magni tude and possibly be additive to the applied stress, or it
may stem from stress concentrations and may exceed the yield
strength of the material (57).

Design curves have been derived by the crack tip opening
di spl acenent at specific design tenperatures, stress conditions
(residual stress inclusive), fracture toughness value of the
parent material and the weld. From this information the allowable
defect size (paraneter = ap,y.) can be calculated. The actual.
test involves weldnents with either a natural or an artificia
discontinuity. Starting at a certain level of applied stress,
said weldment is, then, subjected to increasing levels of applied
stress until failure occurs. Then a conparison of the original
design stress with the stress at which the weldment with its
defect failed is made. |f the stress at which failure occurred
Is less than the design stress, the test is repeated at |ower
applied stresses until no failure occurs with the sane size

original defect: hence, the cbtainment of Zpay (57).
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The attractiveness of fracture nmechanics has to do with the
fact that it provides a systematic framework for analysis and
makes predictions possible for geometries other than those al-
ready tested by evoking the so-called geonetric factor.

The two basic steps for the calculation of fatigue life are
(a) the utilization of S-N curves and (b) the figuring of danage
accunul ation by means of the sinple Paris fornula (12, 28, 82-85).
Information regarding frequency of |oading, stress ranges involved,
crack size, shape, and environnental factors are al so necessary.
The literature survey denonstrates a reasonable agreenent on
crack propagation as constituting the bulk of the fatigue life
in commercial ships involving low strength steel weldnents. A
graphical illustration of fatigue failure node is shown in
Figure 1 [see [Appendix V)

Normal |y, crack initiation is inportant in high strength,
brittle materials subjected to high nmean stress levels, or in
| ow strength materials exposed to tenperatures below their
respective ductile-to-brittle transition tenperatures.

Once all the components of the local stress field at the
tip of a well-defined through-thickness crack have been estimated,
the danage rate for repeated-loading can be expressed as a
function of the stress intensity factor range by the fol |l ow ng

expressi ons:

AK = YaovTa (1)
d
&= cun® (2)
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After conbining equations (1) and (2) and integrating from

a over a,, the fatigue life becones:

a
N da
C(AR)m
ai

wher e,
%% = the rate of propagation of a fatigue crack per cycle
ac = applied stress range
a = crack half length
Y = a function of the geonetry of the cracked body

and the crack size and shape
AK = the range of stress intensity factor at the crack tip
C,m = constants for the particular material and testing

(environnent) conditions

a, = incipient crack length (size)
a, = final crack length (size).
N = endurance

A fatigue test to be realistic for comercial ships would
involve |oad spectra of variable anplitude and frequencies for
a given nean stress level. To obtain true load spectra, Schutz
(25) suggests that the service load records of a ship (if avail-
able) be exam ned statistically.

Fracture toughness is not a material constant until the

t hi ckness of the material increases to the point at which plane
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strain (brittle conditions) develops. The |evel of confidence
in fracture toughness values is critically dependent on the
degree of accuracy associated with the determ nation of:

1.  The actual operating conditions;

2. Detection and determnation of weld discontinuities;

3. The extent of NDT performed on a given wel ded structure.

Point (3) involves explicitly the cost of inspection plan
required. At this juncture, it mght be well to renind our-
selves that we not trade off the reduction in the costs of weld
repair for the increase in the costs of NDT inspection for the
purpose of establishing the naxi num | evel of confidence in
predicting structural behavior by fracture nechanics principles.

The application of fracture mechanics principles has been
extended to include, in addition to ferrous materials, non-ferrous
materials such as alumnumalloys (7, 86-87). Since steel is
the primary material for commercial shipbuilding, the weld
defect tolerance of non-ferrous alloys will not, therefore, be

di scussed here.
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Il.D. Critique of Fracture Mechanics

Like all else, fracture mechanics is not totally immune to
criticism The accuracy of results obtained by fracture
mechanics is a direct function of:

1. NDT

2. Stress analysis

3. Fracture toughness test nethod

Fracture mechani cs does not provide a guarantee that detrinenta
defects may not be present sonewhere in the welded structure out-
side the inspected area. Nor does fracture mechanics tell anything
about the level of conformity to specifications and ship-to-ship
variability. To attain 100% confidence in the soundness of all
ship hull welds would necessitate 100% i nspection of full reliability.
This would naturally be cost-prohibitive. This suggests that the
confidence in the overall integrity of the ship hull nust be
enhanced by sone other sensible ways such as the systems approach,
to be discussed later. A debate over artificially introduced
defects and generic flaws has produced certain difficulties and
some disagreenent in terns of acuity, ductility, residual stress
state, stress field, mcrostructure and stress intensity (88).

One of the projects Professor Lundin is currently working on
deals with “Characterization and Nature of Discontinuities iii
Steel Weld Mtals”. Init, he is investigating “localized
embrittlenent adjacent to weld discontinuities. Wen this
enbrittlenent occurs, there is a greater possibility of brittle
fracture because the effective flaw size is that of the

discontinuity plus the enbrittled region” (89).
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The international literature contains profuse references to
the inmportance of large scale tests for such reasons as including
the full scope of the residual stress and sinulating bona fide
structural and service conditions (12, 18, 45, 88, 90). Further-
more, one of the nost frequent criticisnms |evelled against
fracture mechanics is that “it is far fromcertain to what
extent their application can always be relied upon. Thus, there

Is a strong incentive for carrying out representative tests of
| arge scale in order to include as many factors of uncertainty
as possible. This is particularly so with respect to fatigue.
Only in this way can the accountability of predictions from
snal l er scale tests be checked out and, at the same tine, give
assurance” (90).

The basic principles of fracture nechanics are sound. It
is the data acquired for conducting relevant fracture mechanics
cal cul ations upon which the accuracy of the predicted val ues
depend. The input is in direct relationship with the outcone.

In the strictest of sense, the ship itself is, of course, the
only "test sanple” of ultimate reliability.

The inplication of weld discontinuity assessment on a
fitness-for-purpose basis is thorough examnation (12). If
and when thins is not possible, safety factors are incorporated.
Conceptual Iy, fracture mechanics principles nmean the obtainment
of “safe” results. The degree of this "safety” in the principles
is in part a function of the difficulty in assigning definitive
values to the terns and constants of the “mathematical formla-

tions”.
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There is a need to avoid certain confusing aspects of
fracture nmechanics such as what constitutes, for exanple, the
actual Critical Crack Opening Displacement (COD). ¢ present
there are at least four different definitions of COD (&¢),

1. COD at fracture.

2. COD at the sign of first instability.

3. COD at which an arbitrary amunt of crack extension

occurs.

4. COD at first attainment of the maxi num force.

The size of the test specimens should be unified. The
published literature speaks of such divergent matters as:

1. Compact tensile specinens.

2. Full-size specinens.

3. Different nethods and various extents to which a

sharp crack (fatigue pre-crack) may be introduced.

4. Non-unified force sensing devices.

5. Different gauge locations with respect to the

crack tip (front); hence the strain response
of the gauge will vary.

6. Three-point bend test with various frictional

characteristics.

7. Ceonetric differences.

Including old and new nmethods for neasuring fracture toughness
of ductile netals (general yield) that display substantial

plasticity (yield) prior to fracture, one finds nost comonly

four major test nethods:
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1. COD.
2. J-integral.
3. Instrunented pre-cracked CVN

4. Standard cw jnpact test.
In the literature one finds twelve alternative fracture nechanics

met hods for treating elastic-plastic failure nodes.

The Standard Charpy V-Notch test nethod cannot be used to
estimate allowable failure stress for welds containing dis-
continuities. However, enpirical relationships have been
devel oped to do that. But, their reliability has been severely
criticized - in part - on the basis that such high |oading
rates inherent in standard CVN tests are not normal in |arge,
conpliance structures (60).

As to which methodology is best suited for describing the
actual, in-service behavior of the weldment with a weld defect
in it requires extensive testing, which has been in progress
all over the world for some time. A though nomencl atures and
denotations of ternms of fracture nechanics expressions need be
standardi zed, these matters do not exhibit excessive incongruity
from publication to publication. However, even the nmost widely
recogni zed fracture mechanics principles could stand a good bhit

of streanlining to facilitate conprehension
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11. E Nondestructive Testing
The relationship between NDT and fracture mechanics is very

inportant. \Weld discontinuities constitute the center of NDT.
However, the limtations of present day nondestructive testing
met hods nmust be taken into account (12, 91).

The reading and interpretation of radiographic filns can
be very cunbersone. There can be discrepancies in estimating
defect lengths for radiographic imges. Defect depth nmeasurenments
by X-ray is nore uncertain than |length dinmensioning (60). The
latter is sensitive to filmdensity, film processing, radiographic
procedure such as X-ray energy used, variations in material or
wel d thickness.

Nondestructive weld inspection nethods enployed in the
commerci al shipbuilding industry include (1) visual, (2) magnetic
particle, (3) radiography, (4) ultrasonic testing, (5) dye
penetrant, and (6) eddy current. The guide for nondestructive
testing of non-butt welds in conmercial ships does not contain
definite acceptance criteria for weld discontinuities. The
so-cal |l ed ASTM “Reference Radiographs” present several |evels of
severity for each discontinuity. They are useful to assist in
discontinuity identification; but, the maxi num permssible
severity must depend on the structure.

A conmon recognition of present shipbuilding weld inspection
methods is that they are rather arbitrary: visual inspection

more so than radiography or ultrasonic testing.



-46-

Most non-butt welds in comercial. surface vessels are deened
non-critical. Thus, they are not full penetration, rather, they
are usually simple fillet welds. Since an inconplete penetration
Is nore severe than either slag inclusions or porosity, therefore,
inspection for an internal (buried) defect is unwarranted and in
general not required. These joints, by acceptable conpany quality
control practices, are merely required to meet good workmanshi p.
“CGood wor kmanship” is an inexact term The type of inspection
these joints are afforded is visual only and may be suppl emented
by the utilization of a gauge. Common failure nodes, when
failures occur in non-butt welds, have reportedly been |amellar
tearing or failure at the toe of the fillet weld.

Besides the butt joint, the Anerican Wel ding Society recognizes
four types of weld joints, nanely corner, Tee, “X’, and lap joint.
“The selection of a nondestructive test method should be based
upon the need to detect certain types of weld defects which are
acceptabl e either because of service requirenents or conpany
standards”. This inplies a great deal of arbitrariness or
subj ectivity.

The guides set up for NDT of ordinary-, medium, and high-
strength lowalloy steel butt joint weldnents in ship hul
structures constitute nothing nore than suggestions with regard
to acceptable size and/or distribution of weld discontinuities
(92). “It is not the object of this document to designate the
| ocation or extent of the inspection on a ship's hull, but
rather to provide guides for the interpretation of such tests

by qualified personnel. It is expected that only those
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di scontinuities need be removed and repaired as necessary to
render the weld acceptable in accordance with the applicable

gui des herein”. This document states the length requirenent of
the appropriate defect, but nmakes no nmention of depth requirenents
for the sane discontinuity irrespective of nethod used. |t js
general |y agreed that defect depth estimates fromfield radio-
graphs have inaccuracies (45). Wld acceptance standards for
X-ray and UT inspection of conmercial ship hulls are specified

by ABS (93).

Publications on the accuracy of ultrasonic testing show
controversy. Some of the international literature clainms good
sensitivity for UT (94-96), while others indicate inadequate
| evel s of accuracy for purposes of fracture nechanics anal ysis
(77, 97-102). More inmportant perhaps is the fact that tight
cracks or crack-like discontinuities in certain situations are
wel | -ni gh inpossible to detect. |nprovenents in these methodol o-
gies are both desired and needed. Some may interpret this to
nmean that nore inspection by ever nore sophistication is an
answer to our problens. This, of course, would entail increasing
costs in both inspection and fabrication. O the various NDT
met hods, the ultrasonic technique has gone through one of the
most inpressive devel opnment stages since 1965 in being able to
detect nore as well as finer defects than sone other nethods.

As a result, UT has achieved quite a bit of prom nence, surely

nore in certain industries than in others.
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This increased application of UT - interestingly enough -
has Dbrought about a greater demand for new weld discontinuity
acceptance standards (103). An explanation for this seem ng
paradox is that as NDT techniques inprove, undesirable pressures
devel op to generate nore rigorous acceptance standards. (ne
must keep in mnd that there has to be a healthy bal ance between
desirability required by a given code and attendant costs.
Moreover, the relationship between inspection and product quality
IS not necessarily proportional.

The international literature calls the nondestructive
I nspection methods by the follow ng expressions:

- Nondestructive Testing (NDT)

- Nondestructive Exam nation (NDE)

- Nondestructive Inspection (NDI)

Nondestructive wel d inspection techniques will no doubt go on

I nproving, so as to enable us to detect both nore and smaller
defects than is possible with present-day techniques. This fact
carries in it the daunting prospect of an incessant rise in weld
repair costs that we obviously cannot afford. That is precisely
why the significance of weld discontinuities nmust be well under-
stood. It is for this reason that we need to adapt fracture
mechanics principles to the engineering critical assessnent of
wel d defects. Through the application of these principles, we
are able to distinguish froma fatigue and a fracture control
standpoi nt, between innocuous and deleterious weld defects
present in a structure; hence, avoidance of superfluous expense

based on a cal cul ated conviction
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11. F. Present Shipbuilding Codes
Wl dments in ship hulls are by and large randomy checked.

Typically, less than 5% of all ship hull welds are inspected,
volunetrically.  Consequently, there can be no satisfactory
guarantee that all the welds would neet acceptance standards.
CQuarantee in such a QC system can only stem from historica
precedents. Therein lies a good deal of the history of existing
shi pbui I ding wel d acceptance standards having evol ved through
experience (104). The main objective of quality control standards
for commercial ship construction is the prevention of fatigue,
brittle fracture and "cracking”. Cracking is a vague term often
used to inply cold cracking, lanellar tearing, hot cracking,
solidification cracking, hydrogen enbrittlenent, cracking caused
by collision and so on (3, 26).

The present criteria for discontinuity acceptance under
repeated and intensive scrutiny of the last two decades have been
found unduly conservative requiring excessive repairs (4, 105).
Current ABS rules do not address the situation when a conbination
of problens coexist, nanely msalignnent, allowable defect size

and residual stress.
Future standards fornul ated upon fracture mechanics principles

are expected to be |ess conservative, tailored specifically for
t he shipbuilding industry and optim zed for the purpose of
mnimzing unwarranted wel d repair.

The practice of quality control of welds in Amrerican
comercial shipyards is guided by Anerican Bureau of Shipping

Rules, U S. Coast Quard Standards, owner/operator requirements
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and the individual shipyard's own traditional quality contro
criteria. The preponderant NDT techniques in shipbuilding are
visual and radiographic. Utrasonic, magnetic particle and dye
penetrant tests are also often used, but to a lesser extent in
general than the aforenentioned two methods.

Visual inspection is routinely performed during the entire
course of the erection of a ship. The nunber of x-rays taken
of the finished ship is governed by the rules of relevant
classification societies and is determned by a pertinent
equation formulated in accordance with the size of the ship
in question. Usually shipyards do nore inspection than is
required by relevant code making bodies. On the other hand,
some owner/operators have been known to inpose nore rigid
quality control requirenents than either the classification
societies or the shipyard itself.

The conception of existing codes and standards that are
still the rule of the shipbuilding industry in the United States
are essentially rooted in the capabilities and limtations of
the available NDT techniques at the tinme of witing said stand-
ards. Today’'s NDTs are better. However, that should not nean
that codes should commensurately be nade nore restrictive just
because we are able to detect smaller size discontinuities nore
accurately than before. The acceptability of a given type and
size of defect by the rules of governing codes should be
determned not by the nmonentary ability of NDTs but by engineering
principles, as to whether or not a discontinuity is harnful to

the integrity of the ship or to that of its conponents. Existing
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codes are a carry-over fromnore primtive engineering eras in
terms of type of materials, processes and |evel of understanding
in the two, and adaptation of one country’s standards by another.
As Dr. Lundin states, “Enough evidence exists to show that the
traditional inportance ascribed to certain discontinuities
required to be weld repaired has gotten over the years grossly
bl own out of proportion and as such it serves to direct attention
away fromother but far nore inportant considerations: e.g.,
design, inplenmentation”. This ought not to be construed to
inply that welds are never at fault. \Wlds have been known to
be a source of failure or initiation sites for same. However
wel ds by thenselves - reportedly - very seldom precipitated
structural failures. Lancaster (106) analyzed pressure vessel
failure in the United Kingdom and Europe and found only 1 out of
29 expl osions shown to be caused by a weld discontinuity, others
by operational errors. Lancaster concluded that failure risks
decreased with inprovenments in:

- Material

- Design

- Construction

Week (78, 107) delivered perhaps one of the nost poignant
criticisms on existing weld acceptance standards. He drew a
paral |l el between present codes and “interm nable discussions of
totally fictitious problens in a fog of taboos whose origin is
lost in ancient engineering history”. Dr. Wck further observed
that the very nature of standards serves as a resistance to

modi fications. In the aggregate, however, “critics of codes
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and standards are not disruptive detractors advocating code and
standard abolition” (1). Nor do they suggest to disregard the
know edge gained from previous experience with quality known to
have produced satisfactory service results. |pn this sense
present codes do possess rationale albeit in the direction of
excessive caution.

Taking a critical stance, one can look at a weld as a
netal lurgical discontinuity in the structural continuum the
question, however, is it detrinmental or totally innocuous? The
true answer to the latter is by far nore inportant than the
elucidation of the forner from both a fatigue and fracture
control, and an academ c point of view of the weldnent. Sone
of the code making bodies have to some extent incorporated changes
to standards on the basis of grow ng experience, understanding
and handling of fracture mechanics. Nevertheless, they constitute
no nore than an optional alternative. |p this regard, one can

exenplify ASME Section IIl and X, Appendix G and A aAnot her
simlar effort is the International Institute of Welding

Documents V-438-70/ CE and V-416-69/CE, which are welding design
rules incorporating discontinuity levels permtted in codes and

standards of many countries. ||w DOC. V-419-69/CE is “Acceptance
Levels for Discontinuities in Fusion Wl ds” based on fitness-for-

purpose philosophy. They are for fatigue failure mode. For the
brittle fracture nmode the British Wl ding Institute proposed
[1WDOC. X-679-72 and X-749-74, but they are not yet approved

for application by IIW
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Dr. Leide of Kockuns Shipyard in his private correspondence
to this author wites, “l have been engaged in the work behind
a proposed Swedish standard for the assessnents of weld defects
and al so been involved in a suggested shipyard standard which is
used in our yard . . . in cooperation with the classification
surveyors in our yard. As to Det Norske Veritas, their investi-
gation is not published”. The results of the investigation
conducted by DNV on the assessnent of weld discontinuities were
sent to experts for coments but no changes in existing standards
have so far been decided upon, according to Dr. Leide

There is no published evidence in the literature surveyed to
indicate that as of to date fracture nechanics would have attained
recognition beyond reconmendation, proposal, draft, option stage
or documentation.

Vel di ng handbooks recomend a nominal reinforcement of 1/16”
(1.6 mm) above flush. Any nore reinforcenent is regarded as
sinply increasing the cost of welding and |eads to probl ens when
high fatigue strength is required due to the stress concentration
role of toe defects formed at the edge of reinforcements. Veéld
undercut allowed in nost U S. shipyards is 1/32" (0.88 mm or
| ess when the applied stress is parallel to the weld. Mre
effort is expended in elimnating undercuts when the applied
load is normal to the weld. Undercut can be caused by dinples
in the steel plate. The tolerance range for such surface pits
is 1/64" - 1/8" (0.4-3.2 m)j.

The Ship Structure Commttee “guides” (92, 108) for non-

destructive inspection of ship hull welds can be contested in
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light of nore recent studies. The "interpretation standards”

state that “all weld surfaces containing cracks, porosity and
lack of fusion are unacceptable”.  The pernissible discontinuity
length is set up on the basis of plate thickness from0.5" - 2.0"

(12.7 -50.8 mm) per 6* (152.4 mm weld length. Over 2.0" (50.8 nm
the permssible length is constant for LOF/ LOP using radiography.
Utrasonic testing is used for plate thicknesses greater than
0.5" (12.7 m). The nunber of check points in the 0.6L midship

section is defined by the follow ng formla:

L(B+D) .
N-50 I nch units

wher e,
L = length of vessel between perpendicul ars
B = breadth
D = depth

At selected weld intersections, a ninimumof 10" (254 m)
of weld, neasured fromthe intersection in each direction
transverse to the axis of the vessel is to be inspected. Aregs
outside the 0.6L mdship section are randomy selected at the
discretion of the surveyor; ysually intersections of butts and
seans in the main deck, in the vicinity of breaks in the super-
structure, various field erection and suspected problem areas.
Cass A acceptance criteria are applied to critical |ocations
in the 0.6L mdship section for surface vessels of 500 ft (150 m
and over. (Class B is applied to all other locations and applica-
tions except where Class A is specified due to special hul

material or design requirements.
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Again, the acceptance criteria for discontinuity indications
by UT are set up in part on the basis of plate thickness. over
2°t (50.8 mm), the greater the plate thickness, the longer the
perm ssible length of discontinuity indications with respect to
the Amlitude Reject Level (ARL). Many investigations (6, 24, 28,
52-55, 65, 69, 81) showed the significance of plate thickness on
the overall toughness level and failure node. |n terns of weld
defects, the general direction is that as the plate thickness
increases the tolerable discontinuity size decreases. In
transverse non-load carrying fillet welds with a given initial
toe defect the fatigue life tends to decrease rapidly with
i ncreasing plate thickness over the range of steel plate thick-
nesses utilized nmost commonly in engineering weldments (65, 81).

This is often referred to as “size effect”.
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1. G Current Understanding of Wl d Repair
Because the heart of the Defect Tolerance Study is weld

repair, one nust have a good appreciation for its influence on
the resultant changes in the wel dnent.

The effects of weld repair can be harnful irrespective of
material and welding process utilized. There are nunerous well -
known exanpl es, published or otherwise, tg the effect that weld
repair very often turned out to be nore deleterious than the
original defect in ternms of weldment survivability due to a
nunber of phenonena.

Mani festations of these harnful effects include:

1. Increased residual stress and distortion;

2. Introduction of new defects;

3. Mcrostructure material toughness degradati on;

4. Aggravation or extension of pre-existing defects

that went undetected during the original inspection.
el dment and wel d discontinuity degradation may be manifested in
grain growth, enmbrittlenent, thermal straining of cracks. Tpe
British Draft (12) in its preanble states, "It should be appreciated
that the unsatisfactory repair of innocuous defects could result
in the substitution of nmore harnful and/or |ess readily detectable
defects”.

Tenge (109) conducted fracture mechanics tests to determ ne
the values of 6.for the weld netal, the fusion line and 1, 2 mm
fromthe fusion line in the original weld as well as after weld

repair. Size of the COD specinen was 12 x 38 mm fatigue notched
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to 19 nm depth and tested at Oc. The basic material was C M
steel (.26% and 1.35% Mi). He found that the | owest dc val ues
obtained were for the repaired weld. Furthernmore, the sane
wel d repair bad “fish eyes” defect (a form of porosity) due to
the use of cellulosic electrodes. These electrodes are noted
for high hydrogen contents.

“I'f the fusion between successive layers of weld bead is
marginal in the original weld, the repair weld may cause these
| ayers to separate. This condition referred to as cold |aps
is found during the final UT.” Collins and Black reported the
followi ng additional types of cracking resulting from repair
welding: crack in repair weld due to zinc contamnation, a
massive repair weld inducing crack in the base plate (110). They
recommend that final UT inspection of heavy welded structures
be performed after erection, since crack-like indications nay
open up and can be detected nuch nore readily after installation

Cracks detected in electroslag wel ded highway bridge girders
(Interstate 79 bridge in Pittsburgh, Pennsylvania) have been
given considerable publicity. Professor Pense found a high
inci dence of weld repairs in these girders (111). Residua
stresses induced extension of pre-existing cracks or crack-Ilike
defects adjacent to weld repairs. This investigation revealed
further discontinuities in the weld repair such as slag and
porosity. Lauriente said, “Weld repairs made to electroslag

wel ds are particularly vulnerable to failure.” (112).
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In Polaris and M nutenman rocket chanbers, weld repair |ed
to defects consisting of a coarse, columar grain structure,
inclusions and low nmelting point eutectic (29, lrwin). In
such mcrostructures, the interracial bond is typically very
weak. This kind of defect could not be detected by NDT. \Wen
the rocket chanber was subjected to a hydrostatic test, the
chanber flew apart. The original welding process used was
subnerged-arc welding. The fix for this problemwas a change
from subnerged-arc welding to multiple-pass TIG welding in order
to obtain a better toughness level. |[ater, the steel was al so
changed to vacuumrenel ted naraging steel. The vacuum renel ting
steel making practice is known to reduce inclusion content in
the steel

These exanples serve to illustrate sone inportant observa-
tions. Unfortunately, over the years a sonewhat indiscrimnate
application of a rather erroneous philosophy as well as attitude
has been devel oped toward the question of what constitutes a
critical weld defect and what will indeed be the consequence
of a repair.

Wel d repair should not be viewed as an ipso facto inprovenent.
QO her often overlooked aspects of weld repair are the additional
wel di ng personnel required, late delivery, interruption of work
schedule, loss of good will, and occupation of berth space
(4, 70). Since there is a short supply of skilled welders,
reduction in weld repair guided by rational engineering principles
woul d help alleviate this problem Noreover, weld repair often

i nvol ves not just welders exclusively but persons from other
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trades and disciplines as well. In toto, it behooves all of us
to put our contenporary understandings on the full inplications
of weld repair in better perspective than they might have been
bef ore.

I1.G1 The Role of Residual Stresses in Fatigue and Fracture

A general physical nmeaning of residual stresses is that
they come from constraint and weld repair (113). |Immediately
after fabrication, residual stresses may attain yield strength
magni tudes.  Upon any subsequent |oading, which brings about a
stress of the sane sign, the weldnent may undergo some yielding
to the extent that on the renoval of the |oad the renaining
residual stress is below the yield value (114). Such a rel axa-
tion of the residual stress has a control on fatigue crack grow h.

A retardation of fatigue crack-growth rate in weldnents
was attributed to the presence of conpressive residual stresses
arising fromwelding (115). Kapadia analyzed this in terns of
a stress-intensity-factor range suppression concept, whereby the
applied stress-intensity-factor range was decreased to sone
| ower “effective” value. Wile the retardation was nore pro-
nounced at low AK values, the beneficial effect of compressive
residual stresses on fatigue crack propagation seened to be of
a variable nature. In light of the findings by Kapadia and many
others (1, 53, 115) on the adverse effects of weld repair it is
necessary to make a distinction between the tensile and the
conpressive conponents of residual stresses that are operative

in the vicinity of a defect in question.
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An oil storage tank in England in 1953, under static |oading
conditions and no internal pressure of significance, collapsed
overnight (53). “The conditions preceding fracture were quiescent
at 5°C, with a known static hoop stress of 11 ksi tension. A
slow | oading tests of the parent material and weld netal showed
ductile fracture at 5°C without notches, but cleavage fracture
at the ultimate strength of the material (60 ksi) if provided
with sharp machined notches. |n order to denpnstrate |ow applied
stress cleavage fracture at 5°C, it was necessary to incorporate
the follow ng conditions:

1. Full material thickness;

2. Mninmmspecinmen width of 3 feet;

3. The weld in the direction of tension with its

tensile residual stress system

4. A machined notch in the weld preparation”.

The three principal conclusions Dr. \Wlls arrived at fromthis
experience were that:

a. “Weld residual stresses associated with appropriately
oriented defects of sufficient size can induce
brittle fractures wthout substantial help from
external |oadings; such fractures are usually
arrested at short |engths.

h. “Through fractures at |ow applied stresses can occur
fromsmll weld defects placed in fields of tensile
residual stress.

c. “Low stress fractures are correspondingly nore rare

in welded structures which are first thermally or
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mechanically stress relieved and may be di scounted

n

with steels of |ow yield strength.

The occurrence of residual stress and HAZ in welds is
simultaneous in a degraded mcrostructure. |n situations when
the heat-affected zone is very narrow and the material is in
the tanperature regine of the upper shelf or above, the crack
Is arrested after it has propagated out of the inducing stress
field or the undesirable mcrostructure region. The tensile
residual stress is detrimental to brittle (unstable) fracture
conditions, (e.g., below the ductile-to-brittle transition
tenperature). If crack initiation is preceded by a sizeable
plastic flow, the effect of tensile residual stress is negated
(1). Al the electric-arc welding processes used in shipbuilding
result in high tensile residual stresses, which are at or near
the yield point in the weldment and the substrate adjacent to
it. In the initial stages of fatigue crack propagation in an
as-wel ded structure such as a ship hull, nost of the fatjgue
life takes place in regions of high tensile residual stress.
Under cyclic loading conditions the steel at or near the incipient
defect will be subjected to a fully effective cyclic stress
even in the event of stress reversal. This accounts for the
fact that stress range alone governs fatigue behavior of welded
joints. The stress ratio is not inportant in describing the
fatigue strength of weldments, because the maximum stress
i nducing fatigue crack (initiation and propagation) is alnost

always at the yield point.
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The nost conmon practice to reduce the influence of residual
stress is to use thermal stress relief. A nunber of authors
caution against the use of “mechanical stress relieving treat-
ment” {nore recently called vibratory stress relief (116)}, |est

damage occur at roots of discontinuities and geonetrical

not ches (79).
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Il.H Statistical Analysis of Shipbuilding QC Data
Present statistical sanpling techniques of NDT in nost

manuf acturing industries are for the nost part unsound and |ack
quantitative information on the distribution of individual
defects (22). The sane is true about the shipbuilding industry.
Until this situation is renedied, the statistical nethodol ogy
cannot be used with high enough reliability for establishing
wel d accept ance standards.

Not wi t hstandi ng, an effort was made to solicit information
on quality control data with primary considerations for conmmercial
ship hull construction. |ncidental to this effort was the
collection of sone information regarding naval ship construction.
The plan involved discussions with know edgeabl e representatives
of four of the key U S shipbuilding conpanies. A careful
anal ysis of the information showed a rather interesting picture
on the present state of the art of quality control in the U S
shi pbui I ding industry.

An extremely high degree of commonality can be observed in
the information supplied. Wat are these commpnalities? Weld
intersections selected randomy in the mdsection of the ship
are considered as the nost critical area inspected nostly by
X-ray. In addition to radiography, welds in general may also
be exam ned by other NDT nethods such as ultrasonic, liquid
penetrant, nagnetic particle, eddy current and visual neans.

The choice of NDT nethod utilized is governed by the appropriate
requirement(s).  Visual inspection can be anti nost commonly is

as much as 100%of all welds made. The dominant rule applied to
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the inspection of comercial ship hull welds is that of the
American Bureau of Shipping. The range of weld discontinuities
found in visually and x-ray inspected welds has been reported to
be 2-25% and 5-20% respectively. On ultrasonic and magnetic
particle inspection three yards provided information: 1-14%

and 1% respectively. Let us renenber that [ess than 5% of

all comrercial hull welds are inspected “volunetrically”.

Wiile we do not know with absolute certainty, it mght be
reasonable to assume that the non-inspected hull welds would
have the sane anount of weld discontinuities present.

O all the weld discontinuities so detected, approximtely
25-50% is weld repaired. The estimated dollar value of this
amount of weld repair activity ranges from $0.6 mllion to well
in excess of $1.0 million/ship. If - in addition to commercia
ships - one considers naval ships, the cost of weld repair can
reportedly be as much as several mllion dollars. It is generally
believed that, of the reported expenditures for weld repair,
50-100% i s deenmed unnecessary. This would result in savings
rangi ng from

$0.3-$1.0 million plus
Those who believe that 100% of the repairs arising from non-
destructive inspections are superfluous explain their argunment
for it on the basis of statistical probability. This is because
volumetric inspections are thenselves only performed on say 5% of
welds. Thus, even if the ship does fail froma weld discontinuity,
it is 20 tines nore likely to be from such a discontinuity in a

wel d which was not inspected than from one which was, even if
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in the latter a deliberate decision was taken to allow the
discontinuity to remain. The preponderance of weld repair
activity involves nmostly slag inclusions and, then, to a nuch
| esser extent porosity, LOF/LOP and undercuts. The |atter is
usual |y associated with fillet welds inspected nmostly by visua
nmeans. The type of weld discontinuities found in welds is
primarily (a) process and (b) NDT nethod-rel ated.

A generally held opinion in welding industries today is
that “small porosity, slag inclusions should not be weld
repaired”. The acceptance of these weld discontinuities should
be judged by design criteria based on the fitness-for-purpose

phi | osophy (see|Appenle I'TT). Intersections of butt- and seam

wel ds in shells, decks, longitudinal stiffener butts, box girder
wel dnents, sheer strake, heavy castings, pipes, and confined
areas are regarded as nost troubl esone |ocations on a given ship
likely to require weld defect repair after inspection by any
NDT nmethod. The accuracy of present NDT nmethods used in
commerci al shipbuilding is considered adequate.
Wiile weld defects have been known to cause an occasi onal
failure, design details (joint geonetry, stress risers),
m salignment are, on the basis of reports, the principal
contributors to ship failures. The predoninant failure node is
fatigue, though brittle fracture has al so been observed in ships.
The discussion on the Quality Control Systens Loop gave
rise to an overwhel mi ng approval by experts representing the
four major U S. shipyards. Furthernore, it was |earned that

Navy ships do in general undergo nore extensive inspection
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involving nore NDT nethods than their conmercial counterparts.
There is, however, no data available which could be analyzed
to determne the usefulness of nore extensive inspection

met hodol ogy in terns of a reduced failure occurrence in Navy
vessels relative to commercial ships

The amount of weld repair done during shipbuilding can be
categorized along various lines:

1. Weld repair in the shop;

2. \eld repair on the shipways;

3. \Weld repair due to weld defects exclusively;

4. \eld repair due to weld defects, poor fit up,

and “cosmetic” reasons;

5. Weld repair according to the welding process used;

6. \Weld repair on the basis of linear feet inspected;

7. \Weld repair owing to randomoccurrence of weld

di scontinuities.

It goes without saying that the seven categorizations would
yield as many different results. |f one were to consider al
repairs induced by all causes one would find the ratios of
man hours per linear feet of weld in the shop and on the shipways
to be 0.021 hr/ft (1.3 mn/ft) and 0.195 hr/ft (11.7 mn/ft),
respectively. These values were obtained from data at one
shipyard. The difference is approximately a factor of 8.

A nore rigorous exam nation of available data and literature
information shows that the occurrence of defect types and their
relative quantities depend on:
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1. \Weld process used;

2. Inspection nmethod applied;

3. Type of weld nade;

4. Joint fit up.

The ranking of weld defects by frequency per linear feet

of radiographic inspectionis as follows:

1. Slag;
2. LOF/ LOP;
3. Porosity.

The ranking of defects change when expressed on the basis

of random occurrence, nanely;

1.  Slag;
2. Porosity;
3. LOF/LOP.

The reasons for the change in the relative significance of
defect occurrence are twofold. |ack of fusion and |ack of
penetration are autonmatic weld process related discontinuities.
Thus, when they occur during automatic welding they are not
detected until the weld is conpleted. Consequently, LOF/ LOP
can constitute a relatively high percentage of the detected
discontinuities. Detection of instantaneous defect formation
during wel ding woul d necessitate instrunentation which makes
use of, for instance, acoustic-em ssion principles.

In terms of manual versus sem- or full-automatic welding
processes, and taking into account the total anount of weld

discontinuities found in welds inspected by the various NDT
met hods in shipbuilding, the ranking of specific weld defects

is as follows:
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(1) DETECTION BY X-RAY
(total amount: 5-20%

(A) Manual Weél ding (B) Automatic \elding
1. Slag 35- 80% 1. LOF/LOP 30- 60%
2. Porosity  10-20% 2. Cracks at ends of butts  19-25%
3. LOF/LOP 8- 20% 3. Slag 5- 25%
4. Cracks | -10% 4. Porosity 5-15%
(1)  DETECTION BY UT
(total anount: 1-14%
(A) Manual Wl ding (B) Automatic Welding
1. S| ag 50- 65% 1. LOF/LOP 60%
2. LOF/LOP 20- 30% 2. Slag 20- 35%
3. Porosity 5-30% 3. Porosity 5-20%
(1'11) DETECTI ON BY VI SUAL MEANS
(total anount: 2-25%
(A) Manual Wl di ng (B) Automatic VWl ding
I Undercut 15-80% No data avail able
2. Surface porosity 5-20%
3. Undesirable weld profile 2-15%
4. Cracks at craters | -10%

It is inportant to point out that the total anount of the
di scontinuity types indicated above for each NDT nethod is

typically nuch less in automatic than in manual welding.
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All else being equal, the quantity of weld discontinuities
detected is in part a reflection on the level of a general
wor kmanshi p and working environnent in a given shipyard. A
case in point is the reported results ;|assified on the basis
of shop versus shipways determned by noans of visual examnation

and magnetic particles.

shop Shi pways
TYPE % TYPE %
Under cut 15- 30 Under cut 30-80
Porosity 4- 30 Porosity 10- 30
Undesi rabl e wel d 2-10 Undesirabl e wel d 5-15
profile profile
Cracks 2-10 Cracks 5-10

If one, now, analyzes the available data strictly on the
grounds of manual welding vis-a-vis automatic wel ding an ensui ng

picture of weld discontinuity ranking is attained.

Manual Wl di ng Automatic Vel ding
1. Slag 1. LOF/LOP
2. Porosity 2. Slag
3. Undercut 3. Crack
4. LOF/LOP 4. Porosity
5. Undesirable weld profile
6. Crack

Undesirable weld profile includes convexity, weld surface

roughness, uneven welds. The nost frequent weld discontinuities
observed in U S. shipyards by welding process were reported to

be as foll ows:
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Shielded Metal-Arc Wlding . . . . Slag

Subnerged-Arc Wlding ... ..... Slag (and/or LOF/LOP)
Flux-Cored Arc Welding ......... .. Slag (and/or porosity)
Gas Metal-Arc Welding ......... Porosity

Gas Tungsten-Arc Welding . . . . . Porosity

An overall ranking in terns of significance of occurrence

of weld discontinuities in the U. S. commercial Shipbuilding

Sl ag;
LOF/ LOP;
Porosity;
Under cut ;
Crack.

o B~ o w e

This ranking is established on the basis of weighted
averages. It is interesting to note that a replacenent of or
a reduction in the utilization of the shielded metal arc process
by automatic welding processes Would in itself signal a drastic
decrease in slag inclusions. This would bring about a twofold
benefit to American shipyards: (1) increase in weld productivity
and (2) a substantial paring in weld repair costs. |nterestingly
enough, the relationship between the €O0St savings realized from
the dramatic reduction in slag inclusions through the introduction
of automatic welding processes is nonlinear in terns of fabrica-

tion shops versus shipways. The reason is that the cost of weld

repair for the same slag inclusion is eight (8) tines as high on
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the erection site as on the floor of the fabrication shop.
Hence, the econom c benefits arising fromreduction of slag

i nclusions through the same automatic wel ding process used on
the shipways as in the fabrication shop were considerably
greater.

[1.H 1 The Significance of Structural Details

A structural details failure analysis was conducted on
50 ships of seven different classes, and various displacements
built by donestic and foreign shipyards (26).

The age of the vessels ranged from 4-30 years. The details
were grouped into 12 structural famlies. The total nunber of
details observed were 490,210 of which 3,307 showed “fail ures”
amounting to 0.7%failure occurrence. As expected, 82% of the
l ess than 1% failure occurrence in 50 ships of the total number
of failures were |located in the mdship section and primarily
in the structure next to the side shell. O the remaining 18%
observed failures, 10% were found forward and 8% aft of the cargo
spaces. The report makes no attenpt to characterize the “cracks”
in terns of failure node to be useful for selecting the pertinent
fracture nechanics principles so as to assess the significance
of weld defects. Failure node in this report can mean cracks,
buckl es, cracks and buckles, and tw sted/distorted; each node
identified with nunbers. O all the 3,307 failures, 221 cases
of "crack” failure nodes are reported; hence a 6.6% occurrence
rate of the 0.7%overall failure rate. O the 221 cracks, only

34 were caused exclusively by “welding”. This nmeans that 15.3%
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O the “cracks” were weld related and the remaining 84.7% induced

by other causes, specifically:

CAUSE OCCURRENCE  PERCENTAGE
Desi gn 36
Heavy seas 26
Fabri cati on/ wor kmanshi p 11
Conbi ned tension and shear 11
Col | i si on 10
Shear 10
Negl ect 9
Questionabl e 8
M suse/ Abuse 4
Tensi on 3

The reason for the “occurrence percentage” exceeding 100%
is because there were nultiple causes reported for the preponderance
of cracks. This was due to difficulties as stated by the authors,

in the precise definition of a single cause in several failures
f ound.

If one evaluates the 221 cracks by the reasons given on the
basis of (a) cracks caused by a conmbination of factors exclusive
of welding and (b) the sane but welding inclusive, one finds 59
cracks (26.5% for case (a) and 24 cracks (10.9% for case (b).

Wile it was rather cunbersone to analyze the data from a

wel d discontinuity point of view, a reasonable overall ranking

of “crack” causes may be as follows:
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Structural design;

Combi nation of factors exclusive of welding;
Heavy seas;

Vel di ng;

Fabri cati on/ wor kmanshi p;

Combi ned tension and shear;

Combi nation of factors inclusive of welding;
Col I'i sion:

Shear :

Negl ect ;

Questionabl e;

=
= o

M suse/ abuse;

—
N

13.  Tension.

Therefore, froma fatigue and fracture control standpoint
of a ship in-service, jnprovements in the structural design
details are considerably nore inportant than an enhancenent in
the inspection of welds and wel ding processes currently applied
in U S shipyards. |n fact, the information presented in this
report suggests that there is a substantial incentive to

selectively relax existing weld acceptance standards.
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Il.1. Case History of Avyeska G| Pipeline
The principles of fracture mechanics have in recent years

been tested extensively. The npst notable exanple in this regard
is the Trans-Alaska G| Pipeline girth welds. tphe Al yeska crude
oil pipeline project represents - on a giant scale - the world's

first testinmonial to the applicability of fracture nechanics
principles as a tool to assess the significance of weld defects

in girth welds. Because fracture mechanics principles were
successful in demonstrating the oyerconservative nature of an
existing code and made a change jn the code possible, it was
thought appropriate to devote a chapter to the discussion of

this inportant case history. \preover, the very essence of this
famous case history was deemed apropos of the objective of this
proj ect.

The original construction code applied to the pipeline was
APl - 1104 and the defect acceptance levels in it were established
to maintain a certain |evel of workmanship. But, it bore no
relationship to the performance of the pipeline in service (57).
The audit of 30,000 welds reveal ed discontinuities larger in
size than what was allowed by the relevant code in some 2,955
girth welds. The extensive tests conducted by the British

Wl ding Institute, Cranfield Institute of Technol ogy, the
Anerican National Bureau of Standards and Sout hwest Research

Institute showed that the weld defects and arc burns in question

“under the conditions of best estimates for criticality”

required no weld repair.
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Anong others, this case history included the testing of
three types of arc strikes, nanely,

“touch” (arc time = 0.056 second)

"strike” (arc time = 0.158 second)

“drag" (electrode dragged across the full wdth

of the specimen at md | ength)

“Touch” involving the [owest heat input gave the highest no break
transition tenperature. This was presumably due to a high loca
hardness giving rise to a |ow |ocal toughness. However, all
three types of arc strikes yielded no break transition tenperature
far below the mninmum conceivable steel tenperature in Al aska
(117). The chem stry of the pipeline steel manufactured by
Ni ppon Kokan KK is shown in Table | (117).

Hydrogen induced stress corrosion cracking (SCC) can occur
at arc strikes under severe environmental, above-yield-stress
and high material hardness conditions. Wen the Al askan pipeline
material was softer than 310 nv 2% (=31 R), no SCC was observed
(118). Therefore, SCC at arc strikes would nmost |ikely termnate
in HAZ. SCC, even under the nost severe environnental and stress
conditions, can occur only in materials whose hardness exceeds
250 HV (118). So, crack propagation by stress corrosion nechanism
into the parent steel is believed to be extrenely inprobable.
No stress corrosion was discovered in the weld nmetal of Alaskan
pi peline steel even in the presence of a weld discontinuity of
applied stresses above yield and under anbient conditions expected

on a historical basis in Alaska (118).
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“Irregularities” detected on radi ographs included:
1. LOF and LOP

2. Slag inclusions;
3. Porosity;

4.  Cracks;

5. (Gas pockets;

6.

Hol | ow wel d beads;

7. Burn-through.
The largest number of repairs required by Code involved gas pockets
| ocated nmostly at the bottom of the pipe where wel ders ended their
weld (87). Al these "irregularities” can be categorized using
fracture nechanics termnol ogies as planar, non-planar defects
and arc burns (45). The approach taken to assess whether these
discontinuities are deleterious or innocuous assumed worst-case
conditions. Specifically, all flaws were considered as surface
cracks. Furthernore, calculations were carried out on the basis
of mnimum material toughness, maximm stress arising from high
hoop and tensile residual stress, pipeline |oading and pressure,
eart hquake, worst-case fatigue, nost adverse service environnent,
corrosivity, and tenperature. The crack growth rate was assessed
under both cyclic and sustained |oad conditions. The net concl u-
sion according to the fitness-for-purpose criteria was that
| arger flaws can be allowed than the APl Standard 1104 had
permtted. So, DOT granted waivers for conpliance with API-1104
and DOT accepted the principles of using a Yielding Fracture

Mechani cs anal ysis to derive defect acceptance levels in a large
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pi peline project (57, 60, 61, 119). Again, the uncertainties
were taken care of by assum ng “worst-case-conditions” and by

including safety factors. The net effect of such assunptions

is a notable conservatismin the calculations. Nonetheless,

the conclusion proved that the standards applied to the construc-
tion of the Ayeska pipeline project was largely restrictive;
hence, punitive from the standpoint of weld defect repair
econonics. The real paradox of the Al yeska pipeline case history
was, of course, that in spite of the finding approved by NBS

that the discontinuities were innocuous and, despite the DOT

wai ver, all the discontinuities in question were repaired at a
total cost of over $50 million



-78-

[T, CONCLUSI ON

Fi t ness-for-purpose philosophy is considerably nmore rational
than the present workmanshi p-based wel d acceptance standards.
Fracture mechanics principles are a proven and useful tool in
assessing the significance of weld defects. Al though certain
aspects of fracture mechanics are still under refinenent, the
state of the art is sufficiently developed to begin to formulate
specific weld acceptance criteria with respect to the various
types of weld discontinuities: notabl y, slag inclusions and
porosity.

I ncreasing sophistication in inspection techniques nakes
t he devel opnment of rational weld acceptance standards all the
nmore inportant. Conpatible with a new weld acceptance criteria,
there appears to be an optimm | evel of weld inspection beyond
whi ch the benefits are no | onger cost effective.

Exi sting standards are overconservative and do not address
the role of residual stress, “size effect”, interaction effect,
discontinuity location and shape differences. Fitness-for-purpose
phil osophy should not be construed to nean a decrease in weldment
quality, rather an increase via outlining the conditions of
elimnating unnecessary weld repairs. Weld repair is neither
synonynous Wi th an automatic jnprovenment in weldment quality nor
an ipso facto elimnation of weld discontinuities.

The world literature shows a good agreenent in that porosity
and slag inclusions are regarded to be least harnful of all weld

discontinuities. Ranking of weld discontinuities in descending



-79-

order of inportance is as follows:
Cracks and crack-1ike defects.
CGeonetric discontinuities.
LOF/ LOP.

Slag inclusions.

> LW o

Porosity.
The predom nant failure ntde in comercial vessels is fatigue.
The incidence of occurrence of brittle fracture is reported to
be very few Therefore, the nost inportant fracture mechanics

principle pertinent to nerchant ships is the Paris formla:

da _ m
aw® "= C(AR)

Information on corrosion fatigue of ship steel weldments and role
of discontinuities in both |ow and high-cycle fatigue is sparse.
Addi tional research in these areas is in order. Due to the
empirical nature of the treatnent of fatigue, safety factors are
required to take care of uncertainties in determning the exact
magni tude of (a) stresses, (b) discontinuities, and (c) hetero-
geneities in shipbuilding steels and the welds, Which influence
the fracture toughness.

LEFM has limted usefulness since brittle fracture sel dom
occurs in conmercial ship hulls according to the literature.

Structural design details and joint msalignment constitute
the principal causes of ship failures. Wl d discontinuities are
reported to rank extremely low in causing failures in seagoing

commer ci al shi ps.
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The majority of weld repair activity in U S. shipyards
invol ves renoval of slag inclusions and porosity. . astimated
savings realized frommnimzing weld repair of innocuous weld
discontinuities could range from $300,000 to well in excess of
$1 nillion per ship hull

The “Qual ity Bands" approach to establishing nore rational
standards for slag and porosity seenms to have , p.oaq suppor t
in the international literature.

The new weld acceptance standards should pe yerified by
testing |large-scale, full-thickness weldments containing sl ag
inclusions and/or porosity. This experinental program ought
to be defined in detail by a Task Force group of experts
representing shipyards, classification societies, owner/operators
and design offices.

From a fatigue and fracture control point of view of an
ocean-goi ng merchant ship the analysis of available data suggests
that first priority be given to inproving design details and
decreasing joint msalignment. gince ship failures are induced
by a host of causes, the inplementation of a “Quality Control
Systens Loop” founded on good feedback and total participation
proposes to be nost essential and beneficial to the overal
i nprovement in the present state of the American shipbuilding
I ndustry.

A Center should be established for seining the aperican ship-
bui I ding community.
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V. RECOMMENDATI ONS

The results of this study suggest, in four specific areas

of major interest, the follow ng reconmendations.

1. Ad Hoc Task G oup
One school of thought of failure analysis advocates the use

of large scale tests for assessing fatigue failure nodes (25,
72-73, 90, 120). They believe that such test(s) are |less tenuous
and nore practical than the intricacies of fracture mechanics
principles involved in threading together the interacting effects
of crack blunting, strain hardening, crack closure, residual
stresses, exhaustion of ductility, the presence of multiple
defects of one or nore species, mcro-structural heterogeneities,
inaccuracies in load characterization, and all the possible
“second order effects”, necessary to pernit a precise forecasting
of the in-service behavior of huge wel ded structures such as
ships. The difficulties in nodelling all these second order
effects in what may constitute a series of mathematical formula-
tions have led to-a scatter in fatigue life results (73).

The suggestions to bring about changes in current standards
in general, noted in the world literature, have assuned many
forms. Bergemann (121) states that “full reliance on conventiona
criteria sonetimes |eads to absolutely wong conclusions”. The
basis of his reconmendations is the use of fracture nmechanics.

O Connor proposed that revisions of existing codes could be
fornul ated in accordance with wel ding process used: "separate
acceptance standards for full- and semi-automatic processes”

(122). Views on quality control of shipbuilding welds put forth
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by Dr. Leide and his colleagues (123) are that ship structures
mght be classified into four groups. The character and size
of tolerable defects in a particular ship conponent may not be
identical. An interesting observation voiced by Watt (124)

is “common sense, forethought and discipline have proved at

| east as inportant as basic science and engineering technology”.
Howden (125) “predicts that defects acceptable by present day
standards will cause problems in the future as the strength

| evel of pipe steel is increased”.

Anot her proposal includes classification of welds into
three quality grades on the basis of fatigue or brittle fracture
conditions, type and severity of defects present, statically
| oaded structures and lightly |oaded welds (126). Wether the
| oad acting upon a particular weld defect present in a weld is
parallel with or normal to the joint is inportant in terns of
wel d defect acceptance criteria. Having recognized this, |ess
stringent standards may suffice (127). Karsai, et al (128)
concl uded from the nodel studies conducted on pipeline welds
that current Hungarian standards were overconservative, “excessive”.
A timely reassessnent of relevant weld acceptance standards is
needed (1). Reasons given by Professor Lundin are that current
codes are for the nost part too restrictive in few cases
unconservative and sufficient state of the art know edge now
exists on the effects of weld discontinuities on service
performance of the wel dnents.

schutz and others feel (25, 129) that an approach better

suited to predict fatigue life than fracture mechanics woul d
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be to use “realistic tests with real structures or conponents.
If this is not possible, use nobdels or specimens”, as would
be the case for commercial ships, offshore structures.

To begin with, the test method nust be standardized to
be able to correlate data obtained under different sets of
test conditions. The scoping and scaling of fatigue tests
are rightfully presunmed to fall in the realmof responsibilities
of a Task Force Group of experts.

TFG may consist of representatives of shipbuilders, code
maki ng bodi es, owner/operators, Navy, U S. Coast CGuard and the
Maritinme Administration to address this problem  They shoul d
exam ne the degree to which existing weld acceptance standards
with respect to specific weld discontinuities ought to be
|'iberalized based upon a series of well conceived fatigue
tests conducted under worst-case conditions of conmercial ship
environments (120). The Ad Hoc Group mght consider for large
scale fatigue testing two or three basic wel ding processes of
SMA, SA, and flux-cored arc, preferably for specific and nost
i mportant ship conponents. As test paraneters, effects of sea
water environment, different |oad histories, various amunts of
slag, porosity, lack of fusion, undercut, crack sizes, and
crack locations should be assessed. To shorten the evaluation
process, only variable anplitude |oad histories, different
frequenci es of stress cycles involving various nean stress
| evel s should be investigated. It mght be pointed out that
frequency of loading is reported to be inportant only in the
presence of a corrosive environment such as sea water (22, 71,
129-131). Assunme 20 or 30 years as the life of a ship. So,
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the index of life or the number of cycles of fatigue should be
estimated on that basis. Each specific test should be repeated
enough tines to establish a high level of confidence. After
that, set up charts for weld defect standards on the basis of

| oad levels and quality bands, easily useable by the practicing

inspectors in the shipyard (see exanples in|Appendix Il

It is worth renmenbering that over the years the quality of
steels and filler metals have undergone nuch inprovenment. As
a result, weldnents of today have nuch greater tolerance for
discontinuities than those of the Liberty ships era. By and
| arge, specifications have not reflected this change. Rules
still rely heavily on old traditions, hearsay and fear (62).
Suffice it to say that existing standards ought to be nodified
to take notice of these inprovenents in both the quality of
material s used and our contenporary understandi ng of wel dnent
behavior. WWen all is acconplished, ship quality shall be
better for it.

The practical translation of the neaning of fracture
mechani cs on fatigue could take the form of “allowabl e defect
size curve” determned by the Task Goup (7, 60). The National

Bureau of Standards’ approach (132) to these “curves” “wll be
based on:

|.. applied stress levels

2. fracture toughness |evels

3. defect size
Al'l defects will be assuned as surface cracks. Such a scenario
appears too conservative for comerical ships because nost of the
discontinuities found in welds are buried slag inclusions and

porosity.
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For purposes of fracture nechanics cal cul ations, the ship-
bui I ding steels may be grouped according to:

1. high fracture toughness

2. intermediate fracture toughness

3. low fracture toughness

The Task Force concept is not new, nor is it ever pernanent
by definition. Pooling together a group of |eading experts under
an unbrella of one kind or another has often been used to inplement
certain special tasks. The Pressure Vessel Research Committee in
its 1979-80 Annual Report mentions that the Subcommittee on
El evated Tenperature Design forned a Task Group on “international
benchmark problens”. One of the Group’s objectives involves the
“devel opment of acceptance criteria for weld defects in elevated
tenmperature service to assist the ASME Boiler and Pressure
Vessel Code” in this endeavor (89). This is a nodest indication
that the efforts of many years of research and test expended
internationally on the significance of weld defects is beginning
to pay off in bringing about changes needed in existing codes.
Code- maki ng bodi es for shipbuilding should follow suit.

2. Information Center

| nprovenents in product performance come from conprehensive
assessnent of technol ogies and data available. The confidence
| evel of the conclusions deduced depend to a very |arge extent
upon the size of the data bank and the degree of accuracy wth
which it has been acquired. Information gathering ought to be
systematic, continuous and all-enconpassing. Studies such as
the one conducted by C. R Jordan and C. S. Cochran of Newport

News Shipbuilding are extremely beneficial in providing “feed-back”
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data to the engineer and designer who devel ops a design and
never receives the perfornmance data that is needed for future
i nprovements, growth and increased confidence (26].

Anot her inportant observation they point up in their report
is that "orderly and systematic study of structural details on
ships in service can make a significant contribution to design
and repair know edge that should result in an inprovenent in
design and fabrication practices and increase the nunber of
sound details in present and future ships”. In their Part Il
continuation report, a survey was conducted on the mdship
section of thirty-six ships: twelve bulk carriers, twelve
contai ner ships and twelve general cargo ships (27). Thi's
survey reconfirmed many of the failure trends established in
the first fifty ship survey. However, distinctive service
performances were identified in the second survey. The data
fromthe two surveys were summed up to nmake all this information
readi |y accessible to interested personnel. The highlight of
the overall conclusion is that failures are attributed to “one
or a combination of five categories: design, fabrication
wel di ng, naintenance and operation” (27).

A task of this magnitude is certainly too large and
expensive to be supported solely by any individual shipyard.
Even if a single, enterprising yard would attenpt to set out
on a project like this, it would take too long to conpile an
adequate data bank. As Messrs. Jordan and Cochran put it,

“Projects of this type should be a continuing effort. As nore

ships are surveyed, there is less need for estinated data as
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used in the first survey. Eventually, a substantial data base

is formed from which nmeani ngful statistical analyses can be

conducted to provide useful information to ship owners as well

as design offices.” A typical example to a ship owner/operator

and a design office mght be a better assessnent of ship

mai nt enance economi cs and selection of inproved detail configura-

tion suitable for a specific design situation, respectively. A

val uabl e feedback to a shipbuilder mght, on the other hand, be

a well-defined welding paraneter or defect having contributed

to a specific failure mode. This know edge should pre-enpt the

same problem fromre-occurring in the future in identical situations.
The Center may wi sh to consider the statistical approach to

determining the relationship of type, size, and amount of weld

defects to causing frequency of specific failure nodes in

specific welds and wel dments. A correlation between the origina

i nspection data and the service performance of the inspected

wel ds irrespective of the presence or absence of discontinuities

woul d be nost fruitful. Today this sort of a correlation is not

done. W do not know how the inspected joints fair in service

On this, there is no feedback to the QA or QC Department. In

the present system of quality assurance, the only time information

is supplied fromthe field is if there is a failure. The present

system of information flow does hot as a rule identify whether

or not the data represents originally inspected or noninspected

wel dment sites. Asystemis good if it lends itself to clear-cut

correlations thereby ultimately leading to better characterization

of :
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1. Useful ness of inspection nethodol ogies.

2. Wl d defect acceptance standards.

3. Direction in which to proceed to augnent the

| evel of confidence in the total system and
attainnent of optinmum weld acceptance standards.

Synthesis of data and information yields definitive cause-
and-effect relationship, pinpointed areas of inprovenent,
reduced weld repair costs and inproved product quality. such
an approach mnimzes guessing.

Establ i shment of a Center for serving the American Ship-
bui I ding Industry could turn out to be a noble idea. The Center
m ght best be viewed as a mechanism for dissemnating infornmation
of what its voluntary nenbership woul d deem econonically and
technologically productive; e.g., periodic reassessments of
wel d defect and design standards, information storage and
retrieval, training etc. (133)

Wiile there are various conmttees entrusted to carry out
certain responsibilities, there is now no satisfactory vehicle
in the U S shipbuilding industry to coordinate, mnonitor
anal yze, dissemnate statistical data, information and enhanced
know edge not only in the art of welding but in other relevant
engi neering disciplines on a concerted, ongoing basis and in
sufficient depth. It is in the interest of everyone that we
create a good line of conmunication among shipbuilders, naterials
producers, classification societies, design firms, and owner/

operators with respect to our best understanding on the real role
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of weld discontinuities and growi ng experience. |p such a
climate, one does not becone an inflexible guardian of the
status quo.

The econom ¢ consequences of occasional defects or |ocal
structural problens induce shipyards to inpose high standards
of quality often times independent of relevant classification
societies (3). This is a commendable act. However, it tends
to nmean that one needs first a disaster before appropriate
actions are taken.

3. Quality Control Systens Loop

In a large and conplex industrial environnent a great deal
of the inspection effort goes into determning the cause of
sudden | oss of quality or of dimnishing workmanship. The
Quality Control Systens Loop (QCSL) advocated can be an inexpen-
sive answer to that problem

I mportant elements of this quality control systens |oop
woul d be:

a. Quality planning by quality control department

together with appropriate engineering and
production personnel

b. Appraisal of the plan by process contro

engi neering persons to check the conpliance
of the plan with relevant standards.

c. Feedback of data and anal ysis thereof by

process control engineering, manufacturing
or production departnents in order to determne
the need for possible changes, new planning,

corrective actions.
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d. Continuous audit of QC plan to ensure satisfactory
wor kmanshi p, conf or mance.

e. Upkeep of training and teaching people about the
vital role of an all-enconpassing quality control

systens approach, which serves everyone’'s interest.

The reader is referred to [Appendix | |show ng the schematic

of the Quality Control Systens Loop. The inplenmentation of such
a systemrequires time. Its effectiveness will be a function of
the degree of participation and the nature of the attitudes of
the participants. If QCSL is properly formulated and inplenented
by the total work force of a given shipyard it should unquestion-
ably be less costly and far nore efficacious of a tool to achieve
the desired objective than that through the hiring of nore inspec-
tors or nore NDT nethods. After all, the affordable cost of QC

i nspectors and NDT nethodologies is finite. It is nore so in
times of austerity in a given industry than when that industry
enj oys an econom c prosperity. Certainly, the shipbuilding
industry has of late been in the forner econonic state. Let us

face it; ultimately, quality control and its gquarantee are in

the hands of the people who build the product and not in nere

policing the rules of the game, or witing standards. This

phi | osophy does not intend to ignore the proper share of “fornal

i nspection” and the application of NDT nmethods and instrunentations.
The QCSL is predicated upon setting up a proper bal ance of al

the elements making up the total system  Anal ogous to the

proposed QCSL, the U.S. Navy and Air Force started to use sometine
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ago the so-called “Fracture and Fatigue Control Plan” (134-135)
or “Flaw Tol erance Control Plan” (136-137). The Plan has a
Fracture and Fatigue Control Board headed by the Chairman who
reports directly to the President [e.g., of Lockheed Aircraft
Conpany (134)]. Reporting to the Fr.F.C.B. Chairman are the
following functions along the QC or QA framework: testing,
material analysis, welding, manufacturing, procedures, draw ngs,
qualifications and certification of personnel, reliability
denonstration, NDT parts plan, materials and parts classifications,
facilities and equipnent conditions, maintenance, education and
training of personnel

Factors affecting acceptance criteria and quality include
not only considerations for standards, specific agreenents,
notion of fitness-for-purpose, but also for type and scal e of
accepted practice and continued education of welders, supervisors,
I nspectors, welding engineers, designers, managers and others
(138).

It is not so inportant whether the systens approach is
centralized or decentralized as that all the ingredients of
the total plan are integrated to ensure the success of the
system As of 1975, Japan used the decentralized approach, while
Europe tended toward the use of the centralized system (a notable
exception was Sweden). Lately, participation of the workers
has begun to increase along the lines of the Japanese system
(104).

Engi neering materials, conponents and structures are not

perfect. They contain nunerous material flaws, manufacturing
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defects and design discontinuities. In view of such well. estab-
lished facts, it is inappropriate to presume that a structure
will fail as a consequence of diverse discontinuities inadvertently
introduced. More properly the fatigue and fracture control of
built structures should be approached by means of statistics.

In other words, how many, how large discontinuities may be
present and whereabouts in the structure do they lie. Are these
defects located in a highly stressed or in a non-load bearing
conponent of the engineered structure? Is the discontinuity
benign or detrimental to the performance of the wel dment under
the loading condition and service environment anticipated?

Consi derations should also be given to the propensity of the
component for premature failure which could arise from a whole
host of contributory factors. Unfortunately, information on

the distribution of discontinuities is rare (5).

Statistical data gathering is not easy, but is a very useful
task. Since the paranmeters used to carry out fracture nechanics
cal cul ations are random variables - if for no other reason than
the inherent heterogeneity in the mcrostructure of materials.
The probabilistic fracture mechanics approach woul d be hel pful
to establish a range for the respective variables: hence, a
greater reliability of predicting the ultimte behavior of-the
structure

Keepi ng in-process records that are conprehensive enough in
an engineering and statistical sense can take on a rather enotiona

aspect. However, docunmentation of conprehensive data is a nust
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if we are to elimnate repetitive errors. Good record keeping
is a foundation of evaluation: jidentification of problens,
detection, correction, prevention of defects, reoccurrence of
manuf acturing faults, dinensional controls, msalignments, fit-up
probl ems, structural design details, etc. Along with others
(39, 101, 139-140), Vol chenko (141) advocates the inportance of
“statistical control of the technological process”. Konkoly
(142) did a quantitative evaluation of the effect of weld defects
upon the susceptibility of steels to brittle fracture. Sp, the
I mportance of data conpilation has been well recognized in the
international literature. The probabilistic fracture nechanics
approach to shipbuilding weld standards is quite real due to nore
uncertainties associated with seagoing vessels than |and-based
structures

An extrenely significant benefit that springs from QCSL is
an early awareness of the occurrence of weld defects and other
discontinuities in the process cycle of material and product
flow ~ The present “formal inspection systenf lends itself to
di scontinuity accumulation giving rise to excessive repair costs.
QCSL is like an early warning system for discontinuity acceptance
standards observed by all the participants during fabrication
as well as in service. It leads to elimnation of repetitive
defects. QCSL is, by its very nature, an evolutionary procedure.
Nevertheless, it wll eventually be self-policing and self-regulatory
wi thout resorting to additional inspectors to inpel inprovements

in the entire system
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The practice of quality control nust not be viewed by ship-
yard managenent as an isolated entity or as a privilege of a
designated few, but a part and parcel of the total system
Considerations given to a part of the system invariably does bear
upon other segnents of the very same system A good illustration
of this point would be to single out the strong relationship
between accuracy - better known as “fit up” in the shipbuilding
industry - and quality control. Accuracy has to do with technol ogy;
inter alia, jigs, tools, nodern up-to-date equipnment to attain a
good fit-up. Quality control on the other hand nmeans the achieve-
ment of an acceptable workmanship in accordance with a certain
set of requirements. Accuracy in the prefabircation stage is
needed in order to insure a satisfactory quality level. Fit-up
will influence weld quality (104). |n the absence-of available
accuracy, a satisfactory quality control |evel cannot be achieved
wi thout severe nmanufacturing cost penalties.

It is necessary to conpile quality control data so as to be
able to establish tolerance limts. The analysis of the data
Will in turn pernit the defining of quality trends or ranking of
probl em areas. (Once these trends or problem areas are deternined
It then becones considerably easier to delineate the course(s)
of corrective action(s). Phillip (104) makes the suggestion that
the quality of workmanship and dinmensional accuracy be checked
right fromthe start of building a ship, at prespecified stages
during fabrication and erection. Conpetition anpng shipyards
of the world does not allow room for inferior quality (104).

The dictates of economcs and conpetition engenders what nay be
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called "The System Approach"to quality control rooted in a
continuous feedback.

The Japanese approach to quality control is, “Produce better
quality products by performng proper work according to the
Standards. Elimnate defects before they occur” (39). According
to Kobayashi, the QC systemis set up on the basis of:

a. Statistical nethods

h. Self-quality checks by the workers

The latter helps pronmote norale among the workers, for they
feel they are an integral part of the total system A greater
awar eness of the inportance of quality workmanship on the part
of the work force eventually leads not to the hiring of nore
i nspectors, rather the reduction in the cost of inspection and
amount of repair. A natural consequence of total participation
is an enhancement of the level of quality of the entire system
wi thout an acconpanying rise in the cost of quality control.
Undoubtedly, this is a devel opnental process. |t requires
education or even re-education is some cases.

The Japanese seemto pay nore attention than their American
peers not only to the final inspection and to the workers’
norale in the maintenance of good quality, but to the in-process
quality control as well. In Japan the results of inspection are
used as illustrations in the continued education of welders.

Despi te vol um nous publications all throughout the world
witten over the decades by an awesonely inpressive array of

scientists, engineers, technologists and others, the acceptance
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of fracture nechanics has shown a very slow progress. why?- -

It is in the aggregate interest of the academc, research

i ndustrial and code making communities to unravel the answer.
Perhaps a world conference held for this purpose and in which
universities, research institutions, industry, classification
soci eties and users of welded products would be drawn together
in sufficient nunbers mght turn out to be a decisive forum and
a cornerstone event. W just mght find out in such a gathering
that too nuch information has been left laying scattered in too
many of the world s publications: hence, its desired effects
fragmented and full inpressions inadequately realized by all
concerned. No doubt, a few arguments and travails woul d be
generated, but it is hoped that from them would come a better
understanding for designers, netallurgists, welding engineers,

I nspectors and surveyors.

4.  Proposed Weld Acceptance Standards

The statistical analysis of available quality control data
and information showed that the preponderance of weld repair
activity in the comercial sector of the U S shipbuilding
industry involved slag inclusions and porosity. It is, therefore,
proposed that first priority be given to the establishnment of
new, inproved weld acceptance standards with regard to said weld
di scontinuities. Mst of the savings - solely in terns of weld
discontinuities - would come from mnimzing unnecessary weld
repair due to slag inclusions and porosity. Mreover, said weld
discontinuities constitute the least harnful of all weld defects

recogni zed by the world literature.
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In terms of relaxation of existing weld acceptance standards

for slag inclusions and porosity, the exenplary format of proposed

standards - shown in [Appendix Il1] - may be used as a point of
departure for reassessnent by a conm ssioned Ad Hoc Task G oup.

In fact, each specific point in all of the reconmendations

mentioned is intended merely as a suggestion. |t js yp to the
judgements and best discretions of the Task Force to deal with
specific engineering details, priorities and cost-, duration-,

and quantity-of tests
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APPENDI X |

QUALI TY CONTROL SYSTEMS LOCP

Before entering into a re-examnation of the key elenents of

QCSL as a nmethod for quality and fatigue and fracture control it
m ght be useful to put some inportant aspects of shipbuilding in
perspective. Aswas said in Section IV, the quality of ships
built today is much better than that of the Liberty ship era.
However, there is roomfor further inprovenents. The basic nate-
rial for commercial ship hull construction is the C M steel of
various grades and qualities. The bulk of the steel used is hot
rolled. The chemstry and the mechanical and inpact properties
of these steels are checked by the producing steel mll; but the
hot rolling finish temperature is not controlled. The ABS grade
hul | structural steels may be referred to as “uncharacterized”
in that the fracture toughness values - determned still by the
standard Charpy V Notch test method - display a broad scatter.

As for CVN, it applies to neither static nor slow strain rate
condi tions.

Today’ s shipbuilding steels “ought to be re-analyzed statis-
tically in a cooperative study anong steel mlls, shipbuilders
and possibly code making bodies so as to determne the ways and
means of mnimzing the scatter in fracture toughness.

In a typical U S shipyard today there is no systematic plan
set up which would allow a better understanding of the inter-
rel ationships anong the essential elenments of a conprehensive
quality control scheme. The present systemis open ended,

i sol ated and reactive to crisis situations that may arise. A
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few exanples, listed below, illustrate the points conmonly cited

in meetings called to discuss renedial steps for failure problens
at  hand:
1. “Establish a satisfactory level of notch toughness
in the steels and wel dnents” has |ong been advocated.
It is doubtful that any one of us knows with certainty
what that “satisfactory level of fracture toughness"
ought to be in light of the probabilities of the
copious things that could go wong in the total system
2.  “Develop properly designed crack arresters” has been
viewed as a renedy to cracking in ships. Crack
arrester steels have been known to fail, too.

3. Use in-process defect monitoring instrunents so

highly refined as to be able to “see”, "hear”, and
“detect” with 100% reliability even mcro-size
flaws.

4. Elimnate fit-up problens.

5. Pay close attention to inproper fabrication

6. Enploy nore inspectors or perform 100% i nspection

on the product.

The point one has to recognize is that there is no single
fix to all problems. A nore reasonable approach would seem to
be a conprehensive Quality Control Systens Loop. A good QCSL
presupposes:

Under st anding one’s own system
Devising a conprehensive plan suitable to current

needs wthin affordable limts.
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Sel ecting or establishing sensible standards.

Monitoring performance of the plan and the

st andar ds.

Correlating inspected and known results wth

i n-shipyard and in-service performnce.

Taking corrective actions as necessary to c|ose

the | oop.

A schematic flow chart of QCSL m ght be as fg||ous:

STEP 1
A&B

sem

NN

N

|

TAKE
CORRECTIVE
ACTION

STEP 6B

ANALYZE & TAKE
CORRECTIVE
ACTION WITHIN
SHIPYARD

CORRELATION BETWEEN
IN-SHIPYARD RESULTS
AND IN-SERVICE
PERFORMANCE

STEP 5B

STEP 5A

%/\

ESTABLISH
PLAN

STEP 2
A&B

SELECT OR
ESTABLISH

STANDARDS

STEP 3
A&B

FOLLOW UP
WITHIN
SHIPYARD

STEP 4A

FOLLOW UP ON
PERFORMANCE
IN-SERVICE

STEP 4B

/
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QCSL can be divided into Looo A and B - the former for
the shipyard, the latter for the shipyard and the in-service
performance results of the ship. Loop A yields short-range
benefits, while Loop B gives |long-range gains. QCSL is
suitable for resolving single as well as nultiple problens in

an effective way.
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APPENDIX I

TABLE 1

CHEMISTRY OF ALASKAN PIPELINE STEEL:

APl 5LX 65

(Values given in weight percent)

.10 . 006 017 .25 1.34 .06 .02 <. 005 .023

Ni, Cr, Mo, Ti, Pb, Sn, Co all <.01

<. 001
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EXEMPLARY FORMAT OF PROPOSED STANDARDS

for As-Welded (;-Mn Steel Weldments
and 5 Quality Categories.

SLAG INCLUSIONS: (any thickness)
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APPENDI X |V

VELD DI SCONTI NUI TY VS. ENDURANCE

-|NSTAB|LN;Y
e (55)
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WHERE ey = ?Y
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" 2
N o——
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Kic = (E Ju:)”z
L [
% = oy
Fig. 1 Gaphical illustration of fatigue failure mde from an

i ncipient discontinuity.
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